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INTRODUCTION: 


Many  studies  have  shown  that  cells  derived  from  breast  tumors  display  great  diversity  in  patterns  of  gene  and 
protein  expression,  and  genomic  alterations.  Based  on  these  distinctions,  multiple  breast  cancer  subtypes  have 
been  categorized;  importantly,  these  subtypes  show  striking  differences  in  clinical  parameters.  Understanding 
the  pathways  of  molecular  alterations  that  lead  to  the  different  types  of  breast  cancer  in  vivo  could  facilitate 
design  of  clinical  interventions  in  the  carcinogenic  progression.  One  approach  to  examining  human  breast 
carcinogenesis  is  to  model  this  process  in  vitro,  starting  with  normal  HMEC  and  using  oncogenic  agents  to 
transform  the  normal  cells  to  cancer  (see  Fig.  1  for  a  summary  of  the  various  conditions  we  have  used  to 
generate  transformed  lines).  However,  when  this  grant  started,  almost  all  in  vitro  transformed  HMEC  lines 
represented  a  limited  subset  of  the  phenotypes  observed  in  breast  cancer  cells  in  vivo.  We  hypothesized  that 
these  limited  phenotypes  resulted  from  culture  conditions  that  restrict  proliferation  of  normal  HMEC  to  mostly 
cells  with  a  basal  phenotype.  Normal  cultured  HMEC  proliferate  for  a  variable  number  of  population  doublings 
(PD)  before  encountering  a  first  senescence  barrier,  stasis,  which  is  stress-associated,  mediated  by  the 
retinoblastoma  (RB)  pathway,  correlated  with  increased  levels  of  pl6INK4a,  and  telomere  length  independent. 
HMEC  may  overcome  stasis  by  inactivation  of  the  RB  pathway,  and  continue  growth  until  encountering  a 
second  extremely  stringent  barrier  due  to  telomere  attrition  (Brenner  et  al,  1998,  Romanov  et  al.  2001,  Garbe  et 
al.  2007,  2009).  HMEC  grown  in  the  serum- free  medium  that  we  first  developed  and  is  commonly  used 
(MCDB170/MEGM;  Hammond  et  al.  1984,  Stampfer,  1985)  reach  stasis  quickly,  and  can  show  “spontaneous” 
silencing  of  pl6,  giving  rise  to  the  aberrant  pl6(-)  post-stasis  HMEC  (called  post-selection)  that  are 
commercially  available  and,  although  significantly  abnormal,  sold  as  “normal  primaries”.  Our  initial  in  vitro 
transformed  lines  derived  from  post-stasis  HMEC  showed  a  basal  phenotype  (Stampfer  and  Bartley,  1985, 
Perou  et  al.,  2000).  This  grant  proposed  to  generate  HMEC  lines  more  reflective  of  the  in  vivo  spectrum  of 
breast  cancer  phenotypes  by  using  improved  methods  for  growing  normal  pre-stasis  HMEC.  We  previously 
defined  low  stress  culture  conditions  that  allow  pre-stasis  HMEC  to  grow  for  ~60  PD  prior  to  pl6  induction  and 
growth  arrest  at  stasis  (Garbe  et  al.,  2009).  This  medium  supports  pre-stasis  HMEC  with  phenotypes  of  luminal, 
basal,  and  progenitor  lineages,  indicating  that  these  cultures  represent  in  vivo  populations  more  accurately  than 
previous  HMEC  culture  conditions  (Garbe  et  al.,  2009,  Chanson  et  al.  2011,  Garbe  et  al.  in  revision).  These 
different  HMEC  lineages  can  be  isolated  by  flow  sorting.  We  hypothesized  that  these  heterogeneous,  or  lineage- 
enriched,  unstressed  pre-stasis  populations  would  be  more  vulnerable  to  transformation  when  targeted  by 
oncogenic  agents,  and  might  yield  a  greater  range  of  transformed  phenotypes.  Our  objectives  included:  (1) 
addressing  the  basic  research  questions  -  are  unstressed  pre-stasis  HMEC  more  vulnerable  to  transformation  and 
is  a  particular  normal  cell  type  more  vulnerable  or  more  likely  to  give  a  specific  transformed  phenotype,  and  (2) 
producing  a  practical  outcome  -  generation  of  useful  transformed  lines.  Our  initial  approach  was:  (1)  Determine 
whether  transduction  of  unstressed  pre-stasis  HMEC  with  oncogenes  such  as  c-myc  and  Wnt-1,  with  or  without 
p53  inactivation,  will  yield  transformed  lines  with  phenotypes  representative  of  most  human  breast  cancer  cells, 
and  if  there  are  correlations  of  transformed  cell  phenotypes  with  the  target  cell  population  and/or  agents  used 
for  in  vitro  transformation.  (2)  Experimentally  examine  whether  cultured  HMEC  that  have  not  encountered 
stress  are  more  vulnerable  to  transformation  than  those  exposed  to  stress.  The  generation  of  diverse  transformed 
HMEC  lines  with  defined  genetic  alterations  may  aid  the  identification  of  potential  therapeutic  treatments, 
including  personalized  therapeutics. 

BODY: 

To  accomplish  our  goals,  we  made  collaborations  with  investigators  at  LBNL  (LaBarge  and  Bissell  labs), 
Arizona  Cancer  Center,  Tucson  (ACC;  Futscher  and  Watts  labs),  Case  Western  Reserve  U.  (Jackson  lab); 
Smurfit  Institute,  Dublin  (Bracken  lab).  As  mentioned  in  previous  reports,  due  to  seismic  safety  issues  beyond 
the  control  of  anyone  at  LBNL,  we  lacked  adequate  lab  space  from  October  2008  to  January  2010.  We 
consequently  needed  to  forego  any  projects  requiring  large  amounts  of  ongoing  cell  culture  during  that  time. 
Due  to  this  unforeseen  delay,  work  on  this  project  continued  into  2012. 
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Identification  of  normal  HMEC  lineages,  effects  of  age,  and  applications  for  developing  lines  with  luminal  and 
other  phenotypes.  One  of  our  initial  hypotheses  for  this  grant  was  that  the  difficulty  in  developing  in  vitro 
immortalized  lines  with  luminal  phenotypes  (in  our  hands  as  well  as  others)  could  be  a  consequence  of  the 
existing  culture  conditions,  which  favored  growth  of  myoepithelial  cells  in  culture  and  generally  did  not  support 
long-term  growth  of  HMEC  with  luminal  phenotypes.  Our  new  low  stress  media  (Garbe  et  al.  2009)  supports 
the  growth  of  cells  with  markers  of  myoepithelial  (e.g.,  CD  10,  K(keratin)  14),  LEP  (e.g.,  mucl,  K18,  K19, 
EpCam,  Proml/CD133),  and  progenitor  cells  (e.g.,  K14  and  K19,  c-Kit),  although  the  luminal  decrease  with 
passage  (Garbe  et  al.  submitted).  Therefore,  we  chose  to  use  early  passage  cultures  grown  in  our  new  low- 
stress  media  as  starting  points  for  transformation.  We  also  planned  on  using  populations  FACS-enriched  for 
specific  lineages  once  we  gained  more  information  about  possible  cells-of-origin  of  human  breast  cancer 
subtypes.  Recent  publications  have  suggested  BRAC1 -associated  and  basal  cancers  may  arise  from  luminal 
progenitors,  and  multipotent  progenitors  were  implicated  in  luminal  cancer  models. 

Our  collaborative  studies  with  the  LaBarge  lab  on  normal  HMEC  lineages  have  provided  valuable  information 
to  guide  this  work.  Additionally,  these  studies  uncovered  a  novel  effect  of  aging  on  HMEC  lineage 
representation,  which  may  bear  on  the  observed  increased  luminal  breast  cancer  subtypes  in  older  women. 
These  data  in  turn  influenced  our  choice  of  starting  specimens  for  transformation  studies  (see  below).  This 
work  is  now  in  revision  for  Cancer  Research  (Garbe,  Pelissier,  Pepin,  Fridriksdottir,  Sputova,  Guo,  Villadsen, 
Park,  Petersen,  Borowsky,  Stampfer,  LaBarge,  Aging  is  associated  with  increased  multipotent  progenitors  with 
a  basal  differentiation  bias  in  human  mammary  epithelia). 

For  these  studies,  we  have  used  the  primary  organoid  material  from  the  Stampfer  HMEC  Bank  (~150 
individuals),  as  well  as  similar  organoid  material  collected  by  Dr.  Stampfer’ s  former  institution  after  she  left 
(~200  individuals).  Pre-stasis  HMEC  strains  from  ~18  young  (<30)  and  ~18  older  (>55)  women  have  been 
grown  in  our  new  low  stress  medium  M87A+X.  As  shown  in  Figures  2-3,  the  luminal  lineage  was 
proportionately  over-represented  in  strains  isolated  from  older  compared  to  younger  women  (2B).  Uncultured 
organoids  showed  decreased  proportions  of  myoepithelial  and  little  or  no  change  in  the  proportion  of  luminal 
cells  with  age  (2D).  The  ability  of  the  luminal  cells  from  older  women  to  proliferate  better  in  culture  might  be  a 
consequence  of  their  increased  expression  with  age  of  integrin  alpha  6  (2F),  thought  to  be  a  myoepithelial- 
expressed  ECM-binding  protein.  Luminal  cells  from  older  women  were  also  altered  in  their  increased 
expression  of  K14.  Thus,  a  decline  of  myoepithelial  cells,  and  an  increase  of  luminal  cells  that  exhibited 
molecular  features  usually  ascribed  to  myoepithelial  cells,  were  measured  with  age  in  cultured  pre-stasis  strains 
and  in  cells  from  uncultured  dissociated  organoids.  Gene  expression  profiles  also  distinguished  young  vs.  older 
HMEC.  Data  obtained  from  3  young  vs.  3  older  women’s  early  passage  HMEC  strains  clustered  into  young  and 
old  age  groups  according  to  an  age-specific  gene  expression  signature  derived  from  RNA  in  a  collection  of  laser 
microdissected  normal  breast  epithelia  (Dr.  Morag  Park,  McGill  University).  The  receptor  tyrosine  kinase  c-Kit 
has  been  postulated  to  be  a  marker  of  luminal  progenitors  in  humans.  The  proportion  of  c-Kit-expressing 
HMEC  decreased  with  passage  in  pre-stasis  strains  (3 A)  but  increased  as  a  function  of  age  when  measured  at 
passage  (p)  4  (3B)  and  in  dissociated  reduction  mammoplasty  samples  (3C).  FACS-enriched  c-Kit+  HMEC  at 
4p  cultured  for  four  additional  passages  showed  self-renewal  and  multipotent  differentiation,  including  in  3D 
structures  (3D-H),  supporting  the  hypothesis  that  c-Kit+  cells  are  progenitors  capable  of  multilineage 
differentiation. 

Altogether,  these  data  suggest  the  exciting  possibility  that  the  observed  age-associated  increase  in  luminal 
breast  cancer  may  have  connections  to  changes  that  occur  normally  with  aging  in  the  human  breast.  The 
significant  age-dependent  changes  to  the  mammary  epithelium  that  we  observed  could  make  older  women  more 
vulnerable  to  malignant  progression,  and  underlay  the  increased  luminal  breast  cancer  incidence  in  women 
>55y.  Myoepithelial  cells  are  thought  to  be  tumor-suppressive  and  progenitors  are  putative  etiological  roots  of 
some  breast  cancers.  Thus  during  the  aging  process,  the  potential  target  population  of  cells  is  increased  and 
there  is  simultaneous  decrease  in  the  cells  thought  to  suppress  tumorigenic  activity. 
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The  effect  of  stress  and  c-myc  overexpression  on  vulnerability  to  transformation  of  pre-stasis,  and  different 
types  of  post-stasis,  HMEC.  We  have  hypothesized  that  exposure  to  pl6-inducing  stresses  may  influence  the 
response  of  HMEC  to  agents  of  transformation,  and  that  a  connection  may  exist  between  telomerase  expression 
and  responses  to  pl6-inducing  stresses.  We  have  been  able  to  generate  data  consistent  with  these  hypotheses, 
although  the  underlying  molecular  mechanisms  are  still  not  defined. 

In  one  set  of  experiments,  we  assessed  whether  media  stress  (how  rapidly  a  medium  induced  pl6  expression) 
influenced  the  ability  of  finite  HMEC  to  be  immortalized  using  hTERT.  We  (and  others)  had  previously 
reported  (Stampfer  et  al.,  2001)  that  hTERT  can  readily  immortalize  post-stasis  HMEC  that  lack  expression  of 
pl6,  but  pre-stasis  HMEC,  grown  in  the  moderate  stress  medium  MM,  or  the  high  stress  serum-free  MCDB170, 
were  refractile  to  hTERT  immortalization  (in  MM,  one  clonal  line  that  gradually  lost  pl6  expression  did 
emerge).  Although  these  results  showed  that  cells  that  already  began  the  stasis  process,  and/or  expressed  pl6, 
were  not  readily  immortalized  by  hTERT,  we  postulated  that  high  telomerase  activity  prior  to  the  onset  of  the 
stasis  program  could  allow  TERT  immortalization  and  counteract  subsequent  stress  exposures.  Pre-stasis  184D 
HMEC  growing  in  the  low  stress  medium  M87A+X  were  transduced  with  hTERT  at  passage  3  and  10.  As 
shown  in  Figure  4,  hTERT  readily  immortalized  these  184D  cultures  at  both  passage  levels,  although  the 
efficiency  may  have  been  lower  at  higher  passage,  where  some  cells  may  have  started  induction  of  pi  6/entering 
into  stasis.  This  result,  in  marked  contrast  to  our  results  with  pre-stasis  HMEC  grown  in  MM,  suggests  that  the 
lower  stress  medium  does  make  these  cultures  more  vulnerable  to  immortal  transformation.  We  then  assessed 
whether  the  pl6  gene  remains  functional  and  inducible  in  these  new  TERT-immortalized  cultures.  In 
collaboration  with  the  Bracken  lab,  we  tested  whether  pl6  expression  could  be  induced  in  normal  pre-stasis 
HMEC,  the  TERT-immortalized  lines,  and  2  other  lines  whose  pl6  status  was  unknown  (4B).  Cells  were 
exposed  to  shRNA  to  BMI1 ,  an  inhibitor  of  pl6  induction  in  normal  human  cells.  While  normal  cells  show  pl6 
induction  in  response  to  BMI1  shRNA  (e.g.,  184D),  the  same  cultures  transduced  with  hTERT  (i.e., 
184DTERT)  did  not.  Since  immortalization  was  rapid  and  efficient  there  was  not  time  for  mutation  or  selection 
of  subpopulations.  These  data  support  the  hypothesis  that  high  hTERT  levels  prior  to  the  onset  of  stasis  can  act 
to  prevent  subsequent  pl6  induction  and  the  stasis  arrest. 

Our  second  set  of  experiments  examined  the  effect  of  overexpressed  c-Myc  on  different  types  of  post-stasis 
HMEC  that  had  different  stress  exposures  as  pre-stasis  cultures  (see  also  Figure  1).  Our  previous  work  had 
noted  that  overexpressed  c-Myc  had  little  detectable  effect  on  telomerase  expression  or  immortalization  of  post¬ 
stasis  post-selection  pl6(-)  HMEC  (i.e.,  post-stasis  cells  that  had  silenced  pl6,  along  with  many  other 
epigenetic  changes,  after  growth  in  the  high  stress  MCDB170  medium)(Figure  5A).  One  early  experiment  had 
indicated  that  a  different  post-stasis  type.  Extended  Life  (EL)  184Aa  culture  (pl6  loss  due  to  mutation)  could  be 
immortalized  by  c-Myc;  post-stasis  EL  cultures  were  derived  following  chemical  carcinogen  exposure  of 
primary  184  HMEC  grown  in  the  moderate  stress  MM  medium  (Stampfer  and  Bartley,  1985,  1988).  We  then 
examined  three  independently  derived  post-stasis  EL  populations,  184Aa,  184Be,  and  184Ce,  which  were 
known  to  lack  pl6  expression  by  different  mechanisms  (mutation  in  184Aa,  promoter  methylation  in  184Be  and 
184Ce).  All  three  EL  cultures  were  readily,  and  apparently  uniformly,  immortalized  by  c-Myc  (5B),  associated 
with  increased  telomerase  (TRAP)  activity.  These  results  indicate  that  neither  loss  of  pl6  expression,  nor 
specifically  loss  of  pl6  due  to  pl6  promoter  methylation,  was  the  responsible  variable  in  determining  whether 
post-stasis  HMEC  are  vulnerable  to  myc-induced  immortalization.  We  then  examined  a  more  controlled  post¬ 
stasis  type,  i.e.,  early  passage  pre-stasis  HMEC  grown  in  low  stress  M87A+X  transduced  with  shRNA  to  pl6. 
Initially,  HMEC  from  2  younger  women,  specimens  184  and  240L  were  examined  (5C).  Exposure  of  the  post¬ 
stasis  pl6sh  cultures  to  c-Myc  one  passage  later  resulted  in  rapid  and  efficient  immortalization  and  increased 
TRAP  activity  (these  lines  will  be  discussed  further  below).  We  conclude  that  the  prior  history  of  HMEC  that 
became  post-stasis,  but  not  the  loss  of  pl6  per  se,  influences  the  cells  ability  to  respond  to  transduced  c-Myc 
with  increased  telomerase  activity  and  immortalization.  The  post-stasis  type  that  had  experienced  the  most 
stressful  culture  conditions  and  undergone  extensive  epigenetic  changes  (Novak  et  al.  2009)  was  refractile  to 
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immortalization,  whereas  the  other  post-stasis  types  examined  could  be  readily  immortalized.  The  ability  of  c- 
Myc  to  induce  rapid  efficient  immortalization  in  the  post-stasis  pl6sh  populations  indicates  that  this  capacity  is 
not  dependent  upon  pre-existing  clonal  errors  in  the  post-stasis  population,  as  might  be  possible  for  the  post¬ 
stasis  carcinogen-exposed  EL  population. 

Our  starting  hypothesis  to  explain  the  different  responses  to  c-Myc  by  the  different  post-stasis  HMEC  types  was 
that  differences  in  the  chromatin  landscape  might  make  the  hTERT  gene  locus  have  differential  access  to  the 
trans-activating  potential  of  c-Myc.  We  collaborated  with  the  Futscher  lab  to  probe  the  hTERT  locus  for 
possible  differences  in  DNA  methylation  or  histone  modifications  (permissive  H3K4me3  or  repressive 
HeK27me3)  that  could  be  correlated  with  either  basal  or  myc-induced  TRAP  activity.  Figure  6  shows  the  result 
using  5-methylcytosine  or  respective  chromatin  immunoprecipitation  coupled  to  custom  tiling  microarray 
hybridization.  We  compared  normal  mammary  fibroblasts,  pre-stasis  HMEC  (low  or  no  TRAP  activity),  the 
different  post-stasis  types  (post-selection  184B,  48RS:  no  basal  or  induced  activity;  EL  184Aa  and  184pl6sh: 
no  or  low  basal  but  myc-inducible),  and  TERT  expressing  immortalized  and  tumor-derived  lines.  The  TERT 
region  is  mostly  methylated  in  all  samples  analyzed,  with  no  obvious  differences  based  on  either  the  culture’s 
basal  or  myc-inducible  TRAP  activity.  To  increase  resolution  and  sensitivity  of  the  DNA  methylation  analysis, 
two  regions  were  analyzed  in  more  detail  using  MassARRAY  technology  (6B).  No  obvious  differences  in 
DNA  methylation  level  correlating  with  TRAP  activity  were  seen  not  only  among  the  different  post-stasis  types, 
but  also  among  all  the  cell  types.  All  the  cultures  showed  some  enrichment  of  repressive  H3K27me3  on  the 
hTERT  promoter,  with  no  obvious  correlation  to  TRAP  activity.  We  did  not  detect  any  enrichment  of 
permissive  H3K4me3  at  the  hTERT  region  in  all  the  analyzed  samples,  including  the  in  vitro  immortalized  and 
cancer  lines,  known  to  possess  sufficient  telomerase  activity  to  maintain  stable  telomeres.  Overall,  the  data 
show  that  the  DNA  methylation  state,  and  the  absence  of  H3K4me3  and  the  presence  H3K27me3  on  the  hTERT 
gene  promoter,  are  similar  in  most  of  the  analyzed  HMEC  samples  (pre-stasis,  different  post-stasis  types, 
immortal  lines)  and  therefore  do  not  seem  to  play  a  role  in  differential  response  of  post-stasis  types  to  c-Myc 
overexpression.  The  overall  lack  of  correlation  of  these  parameters  with  TRAP  activity  is  consistent  with 
previous  reports  and  highlights  the  unusual  epigenetic  landscape  of  this  gene.  While  these  studies  did  not 
answer  the  question  about  the  mechanism  underlying  the  differential  response  of  post-stasis  types  to  c-Myc,  we 
believe  these  analyses,  using  isogenic  and  tumor-derived  HMEC  with  known  variability  in  basal  and  induced 
TRAP  activity,  can  provide  useful  and  novel  information  about  the  regulation  of  hTERT  expression,  which  is 
critically  involved  in  human  carcinoma  development.  We  are  considering  testing  other  possible  explanations 
for  the  differential  response  to  c-Myc  to  examine  should  funding  become  available. 

We  also  examined  gene  expression  profiling  (Affymetrix)  in  the  post-stasis  post-selection  vs  EL  HMEC  to  see 
if  there  were  any  obvious  differences  that  might  correlate  with  vulnerability  to  Myc-induced  telomerase 
induction.  Three  distinct  EL  cultures  were  compared  with  growing  post-selection  HMEC  from  3  different 
individuals  (Figure  7).  We  performed  both  unsupervised  cluster  analysis  to  determine  the  top  100  genes 
differentially  expressed  (7A),  and  also  specifically  examined  70  transcription  factors  associated  with  potential 
binding  sites  in  the  hTERT  promoter.  Cluster  analysis  showed  several  transcripts  with  consistent  differences 
across  all  post-selection  vs  EL  HMEC,  while  one  transcription  factor,  LEF1,  also  differed.  Expression  of  the 
genes  differentially  expressed  in  these  two  types  of  post-stasis  populations  was  then  examined  using  the  range 
of  our  HMEC  system  samples  from  normal  pre-stasis  to  immortal  and  malignant  (Fig.  7B).  These  studies  also 
did  not  provide  an  explanation  for  the  differential  response  of  the  post-stasis  types  to  c-Myc,  but  may  shed  light 
on  errors  involved  in  different  pathways  of  HMEC  transformation,  adding  to  our  data  showing  that 
transformation  pathways  diverge  among  the  still  finite,  aberrant  post-stasis  HMEC  types  (see  also  Fig.  12 
below).  Observation  of  the  data  in  Fig.  7 A  led  us  to  realize  that  we  should  redo  this  comparison  using  both 
growing  and  near  senescent  post-selection  HMEC,  as  some  of  the  genes  identified  are  associated  with  growth 
state  (the  EL  cultures  examined  were  less  proliferative  and  nearer  to  telomere  dysfunction  than  the  growing 
post-selection).  Nonetheless,  some  interesting  genes  showed  up  that  could  be  further  explored,  such  as  LEF1,  a 
transcription  factor  with  a  potential  binding  site  in  the  hTERT  promoter  and  association  with  p-catenin 
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regulation,  PHGDH,  involved  in  serine  biosynthesis  and  recently  associated  with  some  breast  cancer  types 
(Possemato  et  al,  2011)  but  shown  here  to  be  expressed  by  normal  HMEC,  correlated  with  proliferation  state, 
and  TGM1 ,  a  transglutaminase. 

Immortalization  of  HMEC  following  targeting  of  the  tumor-suppressive  senescence  barriers.  Our  model  of  the 
tumor  suppressive  senescence  barriers  to  immortalization  (Fig.  1)  indicates  a  need  to  bypass/overcome  stasis, 
and  to  reactivate  sufficient  telomerase  activity  to  overcome  the  telomere  dysfunction  barrier  and  gain  resistance 
to  OIS .  We  have  also  hypothesized  that  cancer-associated  genomic  alterations  are  needed  to  overcome  tumor 
suppressive  barriers  and  gain  malignant  properties,  but  genomic  changes  per  se  are  not  necessary.  Further,  the 
inherently  genomic  instability  induced  by  telomere  dysfunction  can  generate  the  genomic  errors  needed  for 
telomerase  reactivation,  with  the  ensuing  bridge-fusion-breakage  cycles  maintaining  instability  even  after 
telomerase  reactivation.  No  specific  “mutator  gene”  is  required. 

Our  studies  on  immortalization  of  normal  finite  lifespan  pre-stasis  HMEC  were  designed  to  address  these 
hypotheses,  as  well  as  generate  novel  HMEC  lines.  We  directly  targeted  the  stasis  barrier  using  pl6sh,  and  more 
recently,  a  cyclin  D1/CDK2  fusion  protein  (Chytil  et  al  2004),  and  targeted  the  telomere  dysfunction  barrier 
with  transduced  c-Myc,  an  hTERT  transactivator.  In  summary,  this  approach  was  able  to  efficiently 
immortalize  large  populations  (though  likely  not  all)  of  the  HMEC  from  the  4  women  tested,  and  resulting 
immortalized  lines  examined  showed  no  initial  gross  karyotypic  abnormalities.  These  data  support  both  our 
senescence  barrier  model,  and  our  hypothesis  about  the  requirements  for  genomic  instability. 

For  these  experiments,  cells  were  grown  in  the  low  stress  M87A+X  medium.  Early  passage  cultures  from  two 
younger  women  (184,  21  yr;  240L,  19  yr)  and  two  older  women  (122L,  66  yr;  805P,  91yr)  have  been  used.  We 
added  the  specimens  from  older  women  after  our  collaborative  studies  with  Mark  LaBarge  (above)  suggested 
that  part  of  the  difficulty  in  obtaining  luminal  transformed  lines  could  be  a  consequence  of  our  using  cells  from 
young  individuals,  whereas  the  aging-associated  changes  seen  in  HMEC  from  older  women  might  make  them 
more  vulnerable  to  luminal-pathway  transformation.  Figure  5C  contains  our  latest  data  showing  the  growth 
curves  of  specimens  184,  240L,  805P,  and  122L  subjected  to  this  transformation  protocol,  and  the  data  for 
TRAP  assay  from  the  184D  and  240LB  experiments  (805P  and  122L  have  yet  to  be  examined  for  TRAP 
activity).  Cells  from  all  four  specimens  transduced  with  c-Myc  showed  efficient  immortalization,  accompanied 
by  rapid  increases  in  TRAP  activity,  once  they  had  been  made  post-stasis  by  transduced  pl6sh  or  D1/CDK2. 
We  did  observe  a  difference  between  the  younger  vs  older  specimens  in  response  to  the  pl6sh  transduction.  In 
the  younger  women,  we  did  not  visually  observe  selection  of  cells  able  to  bypass  stasis  following  the 
transduction,  although  we  would  not  be  able  to  note  if  a  low  percentage  of  the  population  did  not  maintain 
growth.  In  the  two  older  women  visual  observation  clearly  showed  a  more  patchy  growth  following  pl6sh 
transduction,  indicating  that  not  all  cells  maintained  growth.  This  result  implies  that  many  pre-stasis  cells  from 
the  older  women  are  not  ceasing  growth  due  to  elevated  pl6  expression,  and  opens  the  possibility  that  the 
luminal  cells  have  other  mechanisms  governing  proliferative  lifespan.  Patchy  growth  was  also  seen  after  122L 
was  transduced  with  D1/CDK2,  again  suggesting  that  only  a  subset  of  the  population  (possibly  distinct  from 
those  vulnerable  to  pl6sh)  could  bypass  stasis  by  this  means.  Altogether,  these  studies  generated  the  non-clonal 
immortalized  lines  184Dpl6sMY,  184Fpl6sMY,  240Lpl6sMY,  805Ppl6sMY,  122Lpl6sMY,  and 
122LD1MY. 

Additional  rare  clonal  immortalizations  occurred  in  HMEC  populations  grown  in  the  M87A/M85  media  that 
received  c-Myc  or  pl6sh  alone.  No  lines  have  emerged  from  the  control  vector  cultures.  Almost  all  pre-stasis 
HMEC  receiving  c-Myc  alone  ceased  growth  at  stasis;  however  rare  cells  escaped  stasis  by  unknown  means  and 
produced  clonal  immortal  lines  (184DMY3,  184FMY2,  240LMY,  122LMY)  with  increased  TRAP  activity 
following  the  passages  where  most  cells  stopped  at  stasis  (Fig  5C).  For  example,  184D-myc  initially  stopped 
growth  at  lOp;  however  a  culture  reinitiated  at  5p  continued  growth  past  stasis,  generating  184DMY3.  We 
presume  that  the  overexpressed  c-Myc  was  able  to  immortalize  this  population  once  it  became  post-stasis  by 
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transactivation  of  hTERT,  similar  to  the  effect  of  c-Myc  on  the  EL  and  pl6sh  post- stasis  populations.  These 
results  using  HMEC  grown  in  our  recent  low  stress  media  contrast  with  prior  experiments  where  no 
immortalization  was  seen  when  c-Myc  was  transduced  into  pre-stasis  HMEC  grown  in  our  earlier  MM  medium 
(Garbe  et  al  1999).  Similarly,  although  we  have  never  observed  any  spontaneous  immortalization  in 
unperturbed  post-stasis  post-selection  HMEC  at  the  genomically  unstable  telomere  dysfunction  barrier,  rare 
immortalization  at  this  barrier  was  seen  in  the  post-stasis  pl6sh  cultures,  generating  the  clonal  immortal  lines 
184Fpl6s,  240Lpl6s  and  805Ppl6s.  The  184Fpl6s  immortalization-producing  error  must  have  occurred  after 
passage  9,  since  reinitiation  of  a  frozen  9p  184F-pl6sh  population  did  not  yield  an  immortal  line.  The  growth 
curves  in  Fig.  5C  show  how  the  pl6shRNA  increased  the  PD  potential  of  the  cultured  HMEC  from  what  would 
be  expected  of  a  stasis  arrest  (black  curves,  control)  to  what  would  be  expected  of  post-stasis  cultures  reaching 
agonescence  (green  curves).  Unlike  the  continuous  rapid  growth  seen  when  c-Myc  was  introduced  into  the 
pl6sh  populations,  the  spontaneously  immortalized  pl6sh  lines  showed  slow  initial  growth  following  their  first, 
morphologically  distinct  appearance  in  the  agonescent  populations.  We  presume  that  the  difference  in 
spontaneous  immortalization  between  the  post-selection  vs  pl6sh  post-stasis  HMEC,  during  the  period  of 
genomically  instability,  is  related  to  the  need  for  multiple  errors  for  telomerase  reactivation  in  the  more  stress- 
exposed  post-selection  cells  compared  to  the  ability  of  one  error,  such  as  overexpressed  c-Myc,  to  immortalize 
the  pl6sh  HMEC.  We  hypothesize  that  the  initial  slow  growth  of  the  p53(+)  pl6sh  lines  (5C)  is  due  to  a  need 
to  undergo  the  conversion  process  to  reactivate  sufficient  telomerase  activity  (Stampfer  et  al.  1995, 2003,  Garbe 
et  al.  1999).  Collectively,  these  data  are  consistent  with  our  initial  hypothesis,  that  unstressed  HMEC  would  be 
more  vulnerable  to  myc-induced  immortalization. 

Characterization  of  new  immortally  transformed  HMEC  lines.  To  understand  the  molecular  alterations 
responsible  for  transformation,  and  to  enhance  the  potential  value  for  further  research  of  our  newly  developed 
lines,  they  have  been  characterized  for  a  variety  of  properties.  Consistent  with  our  previous  observation  of 
p53(+)  immortalized  HMEC  lines,  most  of  these  new  lines  did  not  display  the  malignancy-associated  property 
of  AIG.  The  one  exception  was  184FMY2,  which  has  other  properties  associated  with  more  aggressive  breast 
cancer  cells  (see  below);  we  are  currently  evaluating  the  p53  status  of  this  line.  Our  lines  that  express  AIG  have 
been  provided  to  the  Bissell  lab  for  examination  of  tumor  formation  in  vivo  in  NOD/SCID  I12RGKO  mice  for 
use  in  their  DOD  Innovator  Award  studies.  184FMY2  has  not  made  tumors  after  12  months.  Consistent  with 
our  previous  studies,  non-malignant  lines  lacking  AIG  can  be  readily  transformed  to  AIG  by  transduction  of  a 
single  oncogene.  Transduction  of  both  240Lpl6sMY  and  805Ppl6sMY  were  with  mutant  HER2  (Neu) 
conferred  AIG  (Figure  8HI). 

Analysis  of  lineage  and  EMT  markers:  One  of  our  goals  has  been  to  develop  HMEC  lines  reflective  of  the 
different  types  of  breast  tumors  in  vivo.  Molecular  characterization  of  the  development  of  such  lines  could 
illuminate  the  molecular  pathways  responsible  for  the  diversity  of  beast  cancer  subtypes.  In  collaboration  with 
the  LaBarge  and  Futscher  labs,  we  are  examining  the  phenotypes  our  newly  derived  lines  for  lineage  markers 
and  EMT-associated  properties.  FACS,  IHC,  and  IF  have  been  used  to  determine  expression  of  mammary 
lineage  markers  such  as  CD10/CALLA,  K14  (basal),  CD227/Mucl,  K19  (luminal),  K14+K19+,  cKit, 
(progenitor/stem),  and  CD44  and  CD24.  The  Futscher  lab  has  been  examining  markers  of  EMT  such  as  E- 
cadherin,  miRNA  (miR-200c  and  others  in  that  family),  ZEB1  and  ZEB2.  Each  line  examined  thus  far  is 
unique. 

Figure  8  illustrates  some  lineage  marker  expression  in  our  post-stasis  and  immortally  transformed  cells  from 
one  younger  (240L)  and  2  older  (805P,  122L)  women.  8ABD  show  that  the  pl6sh/MY  lines  from  240L  and 
122L  have  basal  markers,  whereas  the  same  exposures  in  805P  produced  a  line  with  mixed 
luminal/progenitor/basal  markers.  Most  exciting,  when  D1/CDK2  rather  than  pl6sh  was  used  to  bypass  stasis 
in  122L,  significantly  different  results  were  obtained  (8C-F).  In  vivo,  overexpression  of  cyclin  D1  is  associated 
with  the  luminal  breast  cancer  subtype.  While  post-stasis  122L-pl6sh  exhibited  a  basal  phenotype,  post-stasis 
122L-D1  showed  a  mixed  luminal-progenitor  population;  immortal  122LD1MY  had  a  luminal  phenotype.  We 
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are  not  aware  of  any  previous  studies  that  have  produced  luminal  HMEC  lines  starting  with  reduction 
mammoplasty-derived  cells  and  using  oncogenic  agents  associated  with  breast  cancer  in  vivo.  Much  further 
work  would  be  needed  to  understand  how  these  two  distinct  means  of  bypassing  stasis  can  lead  to  such  different 
transformed  phenotypes.  Fig  8G  shows  the  elaborate  organized  structures  made  by  the  805Ppl6sMY  line 
cultured  in  Matrigel. 

Figures  9-10  show  FACS  and  EMT  analysis  of  some  of  our  new  lines.  Most  still  express  a  predominantly  basal 
phenotype  (CD10hlCD227l0),  and  are  CD24hl.  We  do  not  know  if  the  smaller  CD44hl/CD24l0  profiles  in  some 
non-clonal  lines  (e.g.,  240Fpl6sMY,  184CeMY)  represent  a  distinct  population.  For  the  805Ppl6sMY  line,  we 
have  been  able  to  isolate  a  variant  subpopulation  that  exhibits  a  predominantly  CD44hl/CD24l0  profile  and  an 
altered  morphology  (Fig.  9C).  Analysis  of  the  184FMY2  line  suggests  it  may  belong  in  the  claudin-low  breast 
cancer  subtype,  and  it  demonstrates  molecular  and  epigenetic  alterations  associated  with  EMT,  e.g.,  in 
expression  of  E-cadherin,  ZEB1/2,  and  the  miR-200  and  miR-141  clusters  (10AB).  The  observed  differences  in 
the  184FMY2  line  are  mirrored  in  differences  between  the  normal  HMEC  vs.  isogenic  fibroblasts,  where  the 
phenotype  in  the  normal  fibroblasts  is  similar  to  184FMY2  and  breast  cancer  cell  lines  expressing  EMT  (Vrba 
et  al.  2010,  2011,  and  unpublished).  The  184BeMY  line  also  shows  properties  associated  with  EMT  (9B,  10B). 
Consistent  with  EMT  expression,  the  184FMY2  line  is  CD44h7CD24l0,  properties  associated  with  a  cancer  stem 
cell  phenotype.  In  contrast,  the  184DMY3  line  does  not  have  AIG  or  expression  of  EMT  markers,  and  is 
CD44hl/CD24hl.  Curiously,  two  major  populations  are  seen  in  the  CD44/CD24  FACS  analysis  (10E),  and  these 
may  represent  two  distinct  clonal  lines  that  emerged.  IHC  analysis  of  pl6  expression  showed  two  cell  types: 
one  with  strong  pl6  staining  and  one  with  none  (10D).  In  vivo,  strong  pl6  expression  is  commonly  associated 
with  loss  of  RB  function  (a  pathway  to  becoming  post-stasis  distinct  from  pl6  loss  or  cyclin  D1 
overexpression). 

CGH  and  karyology:  The  studies  performed  under  this  grant  that  targeted  the  tumor  suppressive  senescence 
barriers  have  produced  11  new  immortalized  HMEC  lines  (184BeMY,  184CeMY,  184DMY3,  184Dpl6sMY, 
240Lpl6s,  240LMY1,  240Lpl6sMY,  805Ppl6s,  805Ppl6sMY,  122LMY1,  122Lpl6sMY,  122LD1MY),  and 
our  preliminary  studies  produced  an  additional  5  lines  (184SMY1,  184AaMYl,  184Fpl6s,  184FMY2, 
184Fpl6sMY).  To  examine  the  role  of  genomic  errors  in  their  generation,  the  lines  generated  from  the  younger 
women  have  been  assayed  for  karyology  profile  and/or  genome  copy  number  by  aCGH  (in  collaboration  with 
George  Watts  at  the  Arizona  Cancer  Center  using  the  Agilent  human  genome  microarray  with  44,000  probes 
per  array;  the  earlier  184F  series  was  done  in  collaboration  with  Koie  Chin  at  UCSF  using  an  array  with  2,428 
probes).  Karyology  at  early  passages  following  immortalization  was  determined  for  the  non-clonal  lines 
184AaMYl  (17p),  184BeMY  (lip),  184CeMY  (12p),  184Fpl6sMY  (16p),  184Dpl6sMY  (16p),  and 
240Lpl6sMY  (16p).  aCGH  was  performed  on  these,  and  the  clonal  lines,  at  higher  passages  (Figure  11).  As 
expected,  the  clonally  derived  lines  exhibited  numerous  copy  number  changes,  consistent  with  the  need  to 
generate  genomic  errors  to  overcome  stasis  in  the  Myc-alone  lines,  and  to  overcome  telomere  dysfunction  in  the 
pl6sh-alone  lines.  While  we  have  suggested  that  the  period  of  genomic  instability  during  telomere  dysfunction 
can  give  rise  to  the  errors  needed  for  telomerase  reactivation  and  immortalization,  these  data  suggest  that 
genomic  errors  may  also  be  involved  in  the  mechanism  by  which  c-Myc  allows  clonal  escape  from  stasis;  myc- 
induced  genomic  instability,  or  insertional  mutagenesis  are  possible  causes.  Some  genomic  areas  affected,  e.g., 
lq,  20q,  are  commonly  altered  in  breast  cancer.  Of  note,  the  184Fpl6s  line,  which  needed  to  overcome  telomere 
dysfunction,  has  amplifications  in  the  8q22  region  harboring  c-Myc  and  the  20ql3  region  harboring  ZNF217. 
Further  investigation  of  the  changes  observed  in  these  clonal  lines  may  offer  clues  on  errors  that  can  overcome 
the  senescence  barriers. 

The  karyology  of  all  three  pl6sh-Myc  derived  lines  examined,  and  one  of  the  three  EL-Myc  lines  (184CeMY), 
showed  no  abnormalities  at  early  passage.  At  higher  passages,  1-2  copy-number  alterations  were  observed  in 
184Dpl6sMY  (30p)  and  240Lpl6sMY  (25p).  Both  also  appeared  to  contain  small  deletions  in  the  pl6  locus  on 
9p,  that  would  not  be  obvious  by  karyology,  and  240Lpl6sMY  had  an  amplification  on  lq.  Myc-induced 
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genomic  instability  and/or  insertional  mutagenesis  could  have  conferred  a  replicative  advantage  accounting  for 
preferential  growth  of  a  clonal  240Lpl6sMY  cell.  We  note  however,  that  the  possible  existence  of  clonal 
insertional  mutagenesis,  while  potentially  contributing  to  long-term  genomic  instability,  does  not  bear  upon  the 
basic  conclusions  of  these  studies  that  are  examining  widespread  non-clonal  events.  The  origin  of  the  9p 
deletion  in  lines  that  had  received  pl6sh  is  puzzling  and  currently  unexplained;  the  earlier  aCGH  performed  on 
184Fpl6MY  may  have  lacked  the  resolution  needed  to  see  if  such  a  deletion  also  existed  in  that  line.  The  BaP 
exposure  of  the  EL-Myc  lines  may  have  contributed  to  the  small  number  of  genomic  errors  seen  in  184AaMYl 
and  184BeMY. 

Most  human  carcinomas  contain  many  genomic  changes,  but  only  a  small  number  of  these  are  thought  to  play  a 
driving  role  in  carcinogenesis.  We  have  proposed  that  the  inherent  genomic  instability  at  telomere  dysfunction 
in  vitro  (Romanov  et  al,  2001)  and  at  DCIS  in  vivo  (Chin  et  al,  2004)  may  generate  driver  errors  that  promote 
telomerase  reactivation  and  immortalization,  as  well  as  many  passenger  errors  (Garbe  et  al,  2007,  2009).  The 
absence  of  gross  genomic  changes  in  the  karyology  of  the  early  passage  pl6sMY  lines  is  consistent  with  our 
hypothesis  that  genomic  instability  is  not  inherently  necessary  for  transformation  but  is  a  mechanism  to 
generate  the  errors  that  allow  overcoming  senescence  barriers.  By  directly  targeting  the  stasis  and  telomere 
dysfunction  barriers  with  pl6sh  and  c-Myc,  we  were  able  to  transform  normal  finite  pre-stasis  HMEC  to 
immortality  in  the  absence  of  gross  genomic  changes. 

Most  of  the  above  studies  with  the  younger  women  are  in  a  manuscript  close  to  submission:  Garbe,  Vrba,  Pepin, 
Sputova,  Novak,  Jackson,  Chin,  LaBarge,  Watts,  Futscher,  Stampfer,  Efficient  immortalization  of  normal 
human  mammary  epithelial  cells  using  two  pathologically  relevant  agents  does  not  require  gross  genomic 
alterations. 

Examining  HMEC  transformed  by  different  pathways.  One  of  our  goals  has  been  to  understand  the  different 
molecular  alterations  responsible  for  the  generation  of  the  distinct  breast  cancer  subtypes.  Our  hypothesis  is 
that  the  variables  of  cell  of  origin,  molecular  alterations  incurred,  and  stromal-epithelial  interactions  are  most 
likely  key  to  generating  the  observed  diversity.  Under  this  grant  we  have  been  able  to  vary  the  molecular 
alterations  incurred,  and  to  some  extent  the  cell  of  origin,  in  our  effort  to  develop  HMEC  lines  reflective  of  the 
different  types  of  breast  tumors  in  vivo.  Molecular  characterization  of  the  experimental  cell  populations,  as  they 
transition  from  normal  to  malignant  in  a  step-wise  fashion,  has  been  performed  to  ascertain  associations 
between  specific  molecular  pathways  to  transformation  and  the  resulting  cell  line  phenotype.  Such  information 
could  illuminate  the  etiology  of  early  stage  cancer  progression  and  assist  in  development  of  type-specific 
therapeutic  interventions  in  this  progression. 

Our  previous  and  current  studies  developed  HMEC  cultures  that  became  post-stasis  via  different  means,  e.g., 
the  EL,  post-selection,  pl6sh,  and  D1  populations.  Further  perturbations  of  these  post-stasis  populations  have 
generated  a  variety  of  distinct  immortally  transformed  lines.  We  have  also  varied  the  target  cell  population 
along  the  variable  of  specimen  age.  We  were  unable  within  the  time  frame  of  this  grant  to  use  FACS-enriched 
populations  to  vary  the  lineage  markers  of  the  initial,  normal  pre-stasis  target  cells  (e.g.,  myoepithelial,  luminal, 
progenitor),  although  we  are  currently  in  position  to  proceed  with  such  studies,  should  funding  become 
available. 

The  work  discussed  above  noted  important  distinctions  among  post-stasis  HMEC  that  had  become  post-stasis 
by  different  means,  in  response  to  c-Myc  transduction  and  gene  expression  profile;  other  studies  have  shown 
differences  in  lineage  markers.  Thus  pathways  to  transformation  can  diverge  in  still  finite  HMEC  at  the  earliest 
stage,  overcoming  the  stasis  barrier.  This  point  was  well  illustrated  by  additional  studies  performed  under  this 
grant  in  collaboration  with  the  Futscher  lab.  A  collection  of  our  finite  (pre-and  post-stasis)  and  immortal 
HMEC  cultures  was  examined  for  global  promoter  methylation  (ji array  with  13,000  human  promoters  and  a 
methylcytosine  antibody)(Figures  12AB;  Novak  et  al.  2009).  Little  or  no  differences  were  seen  among  pre- 
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stasis  HMEC  from  different  individuals,  at  different  passages,  or  grown  in  different  media  (M85+X  vs  serum- 
free  MCDB170).  There  were  major  difference  in  the  number  and  location  of  differentially  methylated  regions 
(DMR)  among  the  different  types  of  post-stasis  populations.  Post-selection  post-stasis  HMEC  showed  ~200 
DMR,  the  majority  of  which  are  also  seen  in  cancer-derived  cells,  whereas  the  EL  post-stasis  HMEC  showed 
only  ~10  DMR.  Both  of  these  post-stasis  types  exhibited  changes  in  the  HOXA  gene  cluster,  consistent  with 
the  changes  seen  in  breast  cancer  (12A).  The  pl6sh  post-stasis  populations  had  only  5  DMR,  which  were 
distinct  from  the  other  post-stasis  types.  Thus  epigenetic  changes  occur  very  early  in  the  process  of 
transformation,  and  different  pathways  of  overcoming  stasis  are  associated  with  different  epigenetic  changes. 
All  the  clonal  immortal  lines  thus  far  examined  showed  400-500  DMR,  the  majority  of  which  are  also  seen  in 
breast  cancer  cells,  independent  of  the  pathway  taken  to  immortality.  However,  the  only  non-clonal  lines  thus 
far  examined,  the  myc-immortalized  EL  cultures,  had  many  fewer,  but  still  a  significant  number  of  DMR  (71) 
compared  to  their  pre-stasis  precursors  (12B).  We  are  excited  by  the  possibility  that  epigenetic  changes  such  as 
DMR  may  be  needed  for  the  immortalization  step  in  carcinogenesis.  Our  long-term  studies  have  suggested  that 
immortalization  (reactivation  of  sufficient  telomerase  that  maintains  short  stable  telomeres)  is  a  rate-limiting 
step  in  human  carcinoma  progression.  This  step  does  not  exist  in  short-lived  rodents,  which  do  not  possess 
stringent  telomerase  repression,  and  thus  cannot  serve  as  accurate  models  of  this  key  event  in  human 
carcinogenesis.  We  hope  to  be  able  to  follow  up  these  results  to  determine  if  there  are  epigenetic  events  crucial 
for  obtaining  or  maintaining  of  immortal  potential  that  could  serve  as  therapeutic  targets  to  prevent  progression 
from  the  pre-malignant  to  the  malignant  stage. 

We  also  want  to  point  out  that  the  HMEC  currently  being  sold  commercially  as  “normal  primaries”  and  used  as 
such  in  numerous  publication,  are  post-selection  HMEC  derived  by  the  methods  described  in  our  Hammond  et 
al.  PNAS  1984  publication.  This  grant’s  above  studies,  as  well  as  previous  publications  (Li  et  al.,  2007,  Garbe 
et  al.,  2009)  have  shown  that  post- selection  HMEC  have  numerous  significant  changes  from  normal  pre-stasis 
cells,  and  a  recent  publication  has  suggested  they  have  metaplastic  properties  (Keller  et  al.  PNAS  2012). 
Despite  repeated  efforts,  we  have  thus  far  been  unable  to  get  these  companies  to  change  their  incorrect 
characterization  of  these  post-selection  HMEC,  to  the  detriment  of  the  accuracy  of  the  scientific  enterprise. 

In  collaboration  with  the  Futscher  lab,  we  have  also  begun  extensive  analysis  of  miRNA  expression  and 
epigenetic  regulation  in  the  HMEC.  Thus  far  only  the  normal  pre-stasis  HMEC  and  their  isogenic  fibroblast, 
and  breast  cancer  cell  lines  and  tissues  have  been  examined  (Vrba  et  al.  2011,  and  in  prep);  future  studies  may 
examine  the  HMEC  on  different  pathways  from  normal  to  cancer.  Cell-type  specific  miRNAs  regulated  by 
epigenetic  mechanisms  were  identified  by  a  global  analysis  of  miRNA  expression  and  epigenetic  states  in  three 
isogenic  pairs  of  HMEC  and  mammary  fibroblasts;  ~10%  of  miRNAs  were  cell-type  specific  with  their 
expression  linked  to  the  epigenetic  state  of  their  promoter.  In  breast  cancers,  more  than  25%  of  miRNA  gene 
promoters  analyzed  had  significant  hypermethylated  regions.  Many  of  the  miRNA  gene  promoters  active  in  the 
normal  HMEC  and  fibroblasts  contain  DMRs  in  breast  cancer  cells,  with  the  miRNA  promoters  targeted  by 
polycomb  repression  in  normal  cells  significantly  more  hypermethylated  in  cancer  than  other  promoters. 

KEY  RESEARCH  ACCOMPLISHMENTS: 

•  Using  our  improved  methods  for  long-term  growth  of  normal  pre-stasis  HMEC  populations  that  express 
markers  of  multiple  HMEC  lineages,  demonstrated  that  these  heterogeneous  populations  can  be  FACS-enriched 
into  luminal,  myoepithelial,  and  progenitor  populations.  Such  sorted  normal  pre-stasis  HMEC  can  be  analyzed 
for  lineage-associated  properties  and  used  as  starting  material  for  transformation  studies  to  assess  how  the  cell 
of  origin  for  transformation  can  influence  the  phenotype  of  the  transformed  population. 

•  Showed  that  the  ability  of  c-myc  overexpression  to  immortalize  some,  but  not  all  types  of  post-stasis  finite 
lifespan  HMEC,  depends  upon  (still  undefined)  parameters  of  the  post-stasis  type,  but  not  on  expression  or 
silencing  of  pi 6. 
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•  Showed  that  the  differences  among  pl6(-)  post-stasis  cells  in  c-Myc-induced  vulnerability  to  immortalization 
are  not  correlated  with  the  DNA  methylation  or  specific  histone  state  of  the  hTERT  gene  locus.  Further  showed 
that  basal  expression  of  telomerase  activity  by  our  range  of  normal  to  transformed  HMEC  is  not  correlated  with 
DNA  methylation  or  specific  histone  state  of  the  hTERT  gene  locus  (with  Futscher  lab). 

•  Showed  that  the  ability  of  hTERT  to  immortalize  normal  pre-stasis  finite  HMEC  varies  with  the  level  of  stress 
(rapidity  of  pl6  elevation)  of  the  growth  medium;  unstressed  cells  were  readily  immortalized  but  not  those 
grown  in  a  stressful  medium.  Further  showed  that  the  hTERT  immortalized  normal  HMEC  neither  express,  nor 
are  inducible  for  pl6  expression  (with  Bracken  lab),  consistent  with  an  ability  of  overexpressed  telomerase  to 
affect  stress  responses. 

•  Showed  that  global  promoter  methylation  patterns  vary  significantly  going  from  normal  pre-stasis  HMEC  to 
immortal/malignant  lines,  and  that  different  molecular  pathways  to  transformation  (e.g.,  different  post-stasis 
types)  exhibit  different  patterns  of  alterations  (with  Futscher  lab).  Showed  that  gene  transcript  profiling  patterns 
vary  between  normal  pre-stasis  and  post-stasis  HMEC,  and  between  different  types  of  post-stasis  HMEC. 

•  Performed  global  analysis  of  miRNA  expression  and  epigenetic  states  in  three  isogenic  pairs  of  HMEC  and 
mammary  fibroblasts  and  showed  tissue  specific  miRNA  expression;  epigenetic  regulation  of  the  promoter  was 
shown  to  control  expression  of  many  of  these  miRNA  genes.  Many  of  the  epigenetically  regulated  miRNAs 
identified  are  deregulated  in  breast  cancer-derived  cells,  including  EMT-like  alterations,  such  that  the  cancer 
cells  expressed  normal  fibroblast-associated  miRNAs  (with  Futscher  lab). 

•  Showed  that  we  can  reproducibly  obtain  non-clonal  immortalized  HMEC  lines  from  multiple  individuals  of 
different  ages  using  normal  unstressed  HMEC  exposed  sequentially  to  shRNA  to  pl6  or  activated  cyclin 
D1/CDK2  fusion  protein  to  bypass  the  stasis  senescence  barrier,  followed  by  overexpressed  c-Myc  to  overcome 
the  telomere  dysfunction  barrier  through  induction  of  telomerase.  These  studies  help  validate  our  model  of  the 
tumor  suppressive  senescence  barriers  encountered  by  cultured  HMEC. 

•  Showed  that  non-clonal  immortalized  lines  derived  by  using  shRNA  to  pl6  and  overexpressed  c-myc  do  not 
contain  karyotypic  abnormalities  in  early  passages,  indicating  that  direct  targeting  of  the  senescence  barriers  can 
produce  immortalization  without  the  need  for  additional  gross  chromosomal  changes.  These  results  further 
validate  our  senescence  model  as  well  as  our  hypothesis  that  genomic  instability  per  se  (as  occurs  prior  to 
telomere  dysfunction)  is  not  necessary  for  transformation,  but  serves  to  produce  the  required  genomic  changes. 
CGH  results  thus  far  partially  support  our  hypothesis  that  that  genomic  instability  is  not  necessary  for 
transformation  per  se  but  is  a  mechanism  to  generate  the  errors  that  allow  overcoming  barriers. 

•  Showed  that  we  can  obtain  clonal  immortalized  HMEC  lines  from  multiple  individuals  of  different  ages  using 
normal  unstressed  HMEC  exposed  either  to  shRNA  to  pl6  or  transduced  c-Myc.  Clonal  lines  all  exhibited  gross 
genomic  alterations  as  hypothesized,  since  they  needed  to  generate  the  errors  to  overcome  either  stasis  (the 
Myc-alone  cultures)  or  telomere  dysfunction  (the  pl6sh-alone  cultures). 

•  Collaborated  with  Mark  Labarge  to  analyze  lineage  markers  in  HMEC  from  multiple  young  and  old  women. 
Found  that  aging  is  associated  with  changes  in  the  phenotype  of  HMEC,  with  reduced  myoepithelial  cells  and 
increases  in  luminal  cells  expressing  keratin  14  and  integrin  a6,  traits  expressed  exclusively  in  myoepithelial 
cells  in  women  under  30.  The  changes  to  the  luminal  lineage  were  associated  with  age-dependent  expansion  of 
multipotent  progenitor  cells  with  differentiation  defects. 

•  Applied  this  observation  of  aging-associated  shifts  in  luminal/myoepithelial/multipotent  progenitor  cells  to  our 
transformation  protocols,  and  showed  that  transformation  by  pl6shRNA  or  D1/CDK2,  then  overexpressed  c- 
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Myc,  could  produce  transformed  cells  with  luminal/progenitor  lineage  markers  in  HMEC  derived  from  2  older, 
but  not  2  younger  women. 

•  Characterized  the  many  new  transformed  cultures  generated  for  a  variety  of  cancer-associated  properties  and 
lineage  markers.  These  included  AIG,  tumorigenicity,  CGH  and  karyology,  FACS  profiles  and  IHC  and  IF 
analysis  of  lineage  markers.  Cell  lines  with  diverse  properties  have  been  generated,  similar  to  multiple,  but  still 
a  limited  set,  of  breast  cancer  phenotypes  in  vivo. 
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Immortal  cell  lines  developed:  184DTERT1,  184DTERT2;  184BeMYl,  184CeMYl;  184DMY3, 
184Dpl6sMY;  240LMY1,  240Lpl6sl,  240Lpl6sMY,  240Lpl6sMY-N/RF  (oncogenic  Neu  or  Rafl); 
805Ppl6sl,  805Ppl6sMY,  805Ppl6sMY-N/RF  (oncogenic  Neu  or  Rafl);  122LMY1,  122Lpl6sMY; 
122LD1MY. 

CONCLUSIONS: 

Breast  cancers  display  great  phenotypic  and  molecular  diversity,  leading  to  the  characterization  of  distinct 
subtypes  that  show  striking  differences  in  prognosis  and  drug  responses.  A  better  understanding  of  the 
molecular  events  that  give  rise  to  the  different  subtypes,  as  well  as  experimentally  tractable  human  model 
systems  to  test  potential  therapeutics,  could  facilitate  individualized  treatment  and  possibly  prevention.  The 
main  variables  thought  to  be  responsible  for  generating  this  diversity  are  the  identity  of  breast  cancer  cell  of 
origin,  the  pattern  of  molecular  alterations  during  the  transition  from  normal  target  cell  to  malignancy,  the 
influence  of  micro-environmental  factors,  and  the  extent  to  which  phenotypes  are  influenced  by  cell  of  origin  vs 
oncogenic  lesions.  This  grant  was  designed  to  elucidate  factors  that  influence  transformation  of  normal  HMEC 
to  different  subtypes,  while  generating  transformed  lines  more  reflective  of  the  in  vivo  complexity  of  breast 
cancer  phenotypes;  such  lines  would  also  provide  new  cellular  reagents  for  dissemination  to  the  research 
community. 

The  approach  built  upon  our  previous  30  years  work  in  developing  a  unique  experimentally  tractable  in  vitro 
model  of  human  breast  carcinogenesis.  During  the  course  of  this  project,  we  have  been  successful  in  achieving 
many  of  our  aims  and  making  many  novel  and  significant  discoveries.  Using  our  previously  developed  low 
stress  medium,  we  could  show  that  the  multiple  normal  HMEC  types  (luminal,  myoepithelial,  progenitor)  could 
be  propagated  and  FACS-enriched,  and  made  novel  discoveries  about  the  effects  of  aging  on  lineage 
representation  that  may  help  explain  the  observed  age- increased  incidence  of  the  luminal  breast  cancer  subtype. 
This  understanding  in  turn  led  to  our  (we  believe  first)  development  of  in  vitro  transformed  HMEC  possessing 
luminal  phenotypes,  using  in  vivo  relevant  pathological  agents  and  starting  with  cells  from  older  women.  Most 
exciting,  we  showed  that  the  use  of  overexpressed  cyclin  D1/CDK2  could  in  vitro,  as  in  vivo,  lead  to 
transformed  cells  with  luminal  phenotypes.  Based  on  our  model  of  the  tumor  suppressive  senescence  barriers, 
we  developed  a  method  that  could  readily  immortally  transform  HMEC  from  all  women  tested  by  directly 
targeting  the  two  major  senescence  barriers  -  stasis  (bypassed  by  shRNA  to  pl6  or  D1/CDK2)  and  telomere 
dysfunction  (bypassed  by  overexpressed  c-Myc);  addition  of  one  oncogene  (e.g.,  Neu)  could  then  confer 
malignant  transformation.  From  these  studies  many  new  transformed  lines  with  varied  and  unique  properties 
have  been  generated.  These  lines  were  characterized  by  CGH,  karyology,  expression  of  lineage  and  EMT 
markers,  and  other  properties.  These  studies  led  to  the  novel  finding,  confirming  our  previous  hypothesis  that 
genomic  instability  served  to  generate  cancer  causing  errors  but  was  not  necessary  per  se,  that  direct  targeting  of 
the  senescence  barriers  could  generate  lines  without  gross  genomic  errors.  We  confirmed  our  initial  hypothesis 
that  normal  HMEC  grown  in  a  low  stress  medium,  or  prevented  from  inducing  pl6,  the  mediator  of  the  stress 
response,  are  more  vulnerable  to  c-Myc  and  TERT  immortalization  than  stress-exposed  HMEC.  We  were 
unable  to  explain  the  molecular  basis  of  this  difference,  but  did  generate  novel  data  examining  the  epigenetic 
properties  of  the  hTERT  gene  locus  that  showed  that  differences  in  basal  or  induced  hTERT  expression  were 
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not  correlated  with  the  epigenetic  state  of  this  gene  locus.  We  have  shown  that  different  pathways  to 
transformation  are  associated  with  different  molecular  properties,  such  as  gene  expression,  epigenetic 
alterations,  and  lineage  markers,  opening  the  possibility  of  individualized  therapy  for  these  distinct  means  of 
becoming  malignant.  We  showed  that  epigenetic  and  gene  expression  changes  associated  with  breast  cancer 
cells  can  occur  very  early  in  the  transformation  process,  and  that  immortalization  is  associated  with  large  scale 
epigenetic  reprogramming.  We  have  generated  and  already  provided  these  new  HMEC  resources  to  many  other 
labs  worldwide.  We  are  now  in  a  position  to  test  the  effects  of  specific  oncogenic  perturbations  on  FACS- 
enriched  different  putative  HMEC  progenitor  cell  types,  to  determine  if  we  can  identify  cells  of  origin  and 
better  model  the  diverse  pathways  that  lead  to  the  diversity  of  breast  cancer  subtypes  seen  in  vivo.  However, 
this  grant  was  not  renewed  and  we  currently  have  no  funding  to  proceed  with  this  work. 
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Figure  1.  Derivation  of  our  transformed  HMEC  cultures.  Primary  cultures  derived  from  reduction 
mammoplasties  (RM),  milk  (MK)  or  non-tumor  mastectomy  tissues  (P)  were  initiated  in  three  different  types  of 
medium.  Unperturbed  cells  grown  in  any  of  our  serum-containing  medium  (panels  A&C  below)  all  ceased 
proliferation  at  the  stasis  barrier.  Exposure  of  pre-stasis  cultures  to  various  oncogenic  agents  (red  below) 
induced  cells  to  overcome  or  bypass  stasis  and  become  post-stasis  by  different  means.  Further  alterations  were 
required  to  overcome  the  telomere  dysfunction  barrier,  gain  telomerase  expression,  and  become  immortal.  Cells 
grown  in  low  stress  media  (C)  were  most  vulnerable  to  transformation  following  transduction  of  pl6shRNA 
and/or  c-Myc,  or  hTERT.  The  differing  pathways  from  normal  to  immortal/malignant  are  associated  with 
distinct  molecular  properties/alterations. 
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Figure  2.  HMEC  lineages  change  as  a  function  of  age.  (A)  FACS  analyses  of  CD227  and  CD  10  expression  in 
passage  4  strains  from  one  woman  <30years  (195L)  and  one  >55years  (805P).  FACS  plots  are  shown  as  5% 
contour  plots  with  outliers  identified,  at  left  are  isotype  antibody  controls  and  at  right  the  CD  10  and  CD227 
stained  samples.  (B)  Linear  regression  showing  changes  in  proportions  of  LEP  and  MEP  in  HMEC  strains  at  4p 
as  a  function  of  age  (n=36  individuals).  RM  =  reduction  mammoplasty-derived,  P  =  non-tumor  mastectomy- 
derived.  (C)  FACS  analyses  from  the  corresponding  uncultured  dissociated  epithelial  organoids.  (D)  Linear 
regression  of  proportions  of  LEP  and  MEP  in  dissociated  uncultured  organoids  as  a  function  of  age  (n=8).  (E) 
Histograms  of  CD49f  (integrin  a6)  expression  by  FACS  analysis  of  isotype  negative  control  staining  (gray 
lines),  CD227+  LEP  (green  lines)  and  CD  10+  MEP  (red  lines)  from  dissociated  organoids.  The  gray-colored 
shaded  boxes  indicate  the  threshold  at  which  there  is  little  or  no  CD49f  expression.  (F)  Regression  analysis  of 
Log2  change  in  mean  expression  of  CD49f  in  LEP  normalized  to  the  levels  in  MEP  from  dissociated  organoids 
as  a  function  of  age  (n=8).  (Garbe  et  al.  submitted) 
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Figure  3.  Proportions  of  cKit+  HMEC,  putative  multipotent  progenitors,  increase  with  age.  (A)  Changes  in 
proportions  of  LEP  and  cKit+  cells  in  three  representative  HMEC  strains  as  a  function  of  passage.  (B)  Linear 
regression  of  proportions  of  cKit+  HMEC  in  strains  at  4p  as  a  function  of  age  (n=36).  (C)  Linear  regression  of 
proportions  of  cKit+  cells  in  dissociated  uncultured  organoids  as  a  function  of  age  (n=29).  (D)  FACS  plot 
showing  the  gating  logic  used  for  sorting  cKit+HMEC  from  strain  122L  at  4p.  Inset  shows  the  LEP  and  MEP 
distribution  at  4p.  (E)  FACS  analysis  of  strain  122L  at  8p.  (F)  FACS  analysis  of  cKit-enriched-derived  cultures 
at  8p.  (G)  Phase  images  of  representative  structures  derived  from  cKit+  (left)  and  cKif  (right)  cells  cultured  in 
laminin-rich  basement  membrane  for  14  days.  (H)  Immunofluorescence  on  a  transverse  frozen  section  that 
shows  K14  (red)  and  K19  (green)  protein  expression  in  a  duct  of  a  cKit+-derived  structure.  Nuclei  were  stained 
with  DAPI  (blue),  and  the  three-color  merged  image  is  shown  at  right.  (Garbe  et  al.  submitted) 
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Figure  4A.  Growth  curve  of  184D  HMEC  transduced  with  hTERT  at  3p  or  lOp.  HMEC  were  grown  in 
M87A+X  medium  and  transduced  with  hTERT  retrovirus  or  empty  vector  and  selected  with  puromycin. 
Population  doublings  were  calculated  for  each  passage  and  plotted  vs  time  in  culture. 


Figure  4B:  pl6  responsiveness  of  pre-stasis  and  immortalized  HMEC.  qPCR  analysis  of  RNAi  mediated 
knockdown  of  the  negative  regulator  of  pl6  expression,  BMI1,  and  resultant  changes  in  pl6  mRNA  levels  in 
finite  pre-stasis  (184D,  48RT),  hTERT  immortalized  (184DTERT,  184BTERT,  184FTERT),  p53(-)  immortal 
(184FGS1),  and  myc-immortalized  (184FMY2)  HMEC.  Top  panel  shows  the  level  of  BMI1  knockdown; 
bottom  panel  shows  resulting  effect  on  pl6  expression. 
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Figure  5.  Effect  of  c-Myc  on  post-stasis  HMEC  growth  and  TRAP  activity.  A.  Post-stasis  post-selection  184B 
HMEC  were  grown  in  MCDB  170  and  transduced  with  a  c-Myc  containing  retrovirus  (LXSN)  or  empty  vector 
control  at  7p.  All  cells  ceased  proliferation  at  agonescence  (15p).  Post-selection  184S  HMEC  were  transduced 
with  c-Myc  (LXSN)  at  15p,  and  growth  ceased  at  22p.  No  significantly  increased  TRAP  activity  was  seen 
following  c-Myc  transduction.  Similar  results  (not  shown)  were  seen  with  post-stasis  post-selection  HMEC 
from  specimen  48R.  In  some  TRAP  assays,  heat-treated  controls  (+)  were  run  next  to  unheated  (-)  samples. 
Positive  TRAP  control  samples  are  indicted  by  “+”.  (Garbe  et  al.  in  prep) 
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Figure  5B.  Post-stasis  EL  184Aa,  184Be,  and  184Ce  HMEC  were  grown  in  MCDB  170  and  transduced  with  a 
c-Myc  containing  retrovirus  (LXSN/pBabe-hygro(BH2))  or  empty  vector  at  the  indicated  passages.  All  control 
cells  ceased  proliferation  at  agonescence  while  c-Myc-transduced  populations  maintained  ongoing  proliferation 
indefinitely,  associated  with  increased  TRAP  activity.  Proliferative  control  184Ce,  but  not  184Aa,  expressed 
low  TRAP  activity. 
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Figure  5C.  Growth  of  HMEC  after  transduction  of  pl6shRNA/Dl/CDK2,  followed  by  c-Myc.  Pre-stasis  184D 
(A),  240L  (B),  805P  (C),  and  122L  (D)  HMEC  were  grown  in  M87A+CT+X  and  184F  (E)  grown  in  M85  and 
transduced  at  3p  or  4p  with  a  pl6shRNA  expressing  retrovirus,  or  cyclin  D1  containing  lenti virus,  or  empty 
vector.  At  the  next  passage,  cultures  ±pl6sh  or  D1  were  transduced  with  c-Myc  or  vector  control.  Cells 
transduced  with  pl6sh  or  D1  alone  bypassed  stasis  and  ceased  growth  at  agonescence,  with  rare  clonal 
immortalization  at  agonescence.  Cells  transduced  with  c-Myc  alone  ceased  growth  at  stasis,  with  rare  clonal 
escape  from  stasis  leading  to  immortalized  lines.  The  post-stasis  cultures  transduced  with  c-Myc  maintained 
growth  indefinitely,  associated  with  increased  TRAP  activity.  Control  cultures  transduced  with  empty  vectors 
ceased  growth  at  stasis.  Proliferative  pre-stasis  184,  but  not  240L,  shows  low  TRAP  activity;  pl6sh  transduction 
slightly  increased  TRAP  activity.  c-Myc  alone  increased  TRAP  activity  in  proliferative  pre-stasis  populations, 
while  further  increased  activity  was  seen  in  immortalized  lines. 
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Figure  6.  DNA  methylation  and  histone  modification  analysis  of  hTERT  promoter.  Upper  and  middle  sections 
show  H3K4me3  and  H3K27me3  ChIP-chip  data  obtained  by  ChIP  linked  to  tiling  microarray  hybridization. 

The  permissive  H3K4me3  mark  is  generally  absent  in  all  analyzed  samples,  while  the  promoter  is  more  or  less 
occupied  by  polycomb  specific  repressive  H3K27me3  mark  in  all  analyzed  samples.  The  bottom  section  shows 
DNA  methylation  data,  analyzed  using  5-methylcystosine  specific  DNA  immunnoprecipitation  coupled  to  tiling 
microarray  hybridization.  The  locus  is  mostly  methylated  in  all  samples.  Two  short  sections  (DMR  and  TSS) 
indicated  by  brown  rectangles  were  analyzed  at  higher  resolution  by  MassARRAY,  showing  that  the 
transcription  start  section  (TSS)  of  all  but  some  cancer  cell  line  samples  is  unmethylated.  The  small  black 
rectangles  above  the  heatmap  indicate  positions  of  individual  microarray  probes.  The  line  below  with  the 
vertical  bars  on  it  indicates  positions  of  individual  CpG  dinucleotides.  The  CpG  island  is  marked  in  green.  The 
5’  part  of  the  hTERT  gene  is  in  blue.  (Garbe  et  al.  in  prep) 
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Figure  7.  Gene  transcript  profiles.  (A)  Heatmap  of  the  top  100  probe-sets  (of  1 1 ,000)  for  genes  that  are 
differentially  expressed  between  growing  post-stasis  post-selection  vs  EL  HMEC.  (B)  Selected  probe-sets  from 
the  top  100  differentially  expressed  genes  (in  A)  were  examined  across  pre-stasis,  post-stasis  EL  and  post¬ 
selection,  immortal,  and  tumor-derived  HMEC.  (Garbe  et  al.  in  prep) 
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Figure  8.  Characterization  of  HMEC  following  exposure  of  pre-stasis  HMEC  to  pl6shRNA  or  cyclin  D1/CDK2 
fusion  protein,  followed  by  c-Myc,  and  further  by  oncogenic  HER2  (neu,  to  805Ppl6sMY).  Note  the  uniform 
expression  of  K19  in  the  122L  cells  exposed  to  the  D1/CDK2  construct.  (Garbe  et  al.  in  prep,  unpublished) 
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Figure  9.  FACS  analysis  of  some  of  the  immortalized  lines  generated  from  pre-stasis  HMEC  grown  in  low 
stress  media.  Cells  were  analyzed  on  a  FACS- Vantage  under  sterile  conditions.  See  Fig  1  for  derivation  of  lines. 
(Garbe  et  al.  in  prep) 
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Figure  10.  Characterization  of  two  distinct  Myc-immortalized  lines  from  pre-stasis  HMEC  from  specimen  184. 
The  184FMY2  line  expresses  AIG  and  markers  of  EMT,  including  a  CD44hl/CD24'°  profile.  The  184DMY3  line 
lacks  AIG,  but  may  contain  two  distinct  clones,  one  of  which  expresses  high  pl6  levels  (possibly  is  RB-). 
(Garbe  et  al.  in  prep,  Vrba  et  al.  2010,  unpublished) 
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Figure  11.  aCGH  analysis  of  clonal  and  non-clonal  HMEC  lines.  CGH  was  performed  using  the  Agilent  human 
genome  microarray  with  44,000  probes/array.  The  older  184F  series  were  assayed  using  2428  probes. 

(Garbe  et  al.  in  prep) 
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Figure  12.  Differentially  methylated  regions  (DMR)  in  cultured  HMEC. 

A.  HOXA  gene  cluster  shows  progressive  promoter  methylation  with  transition  from  normal  finite  to  post¬ 
stasis,  immortal,  and  malignant  cells.  (Novak  et  al.  2009) 
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B.Venn  diagrams  showing  common  and  unique  DMR  in  HMEC  at  different  stages  in  malignant  progression. 
The  different  post-stasis  types  differ  in  their  methylation  patterns,  with  post-selection  HMEC  exhibiting  many 
DMR,  even  more  than  the  non-clonal  myc-immortalized  EL  lines. 
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Abstract 

The  timing  and  progression  of  DNA  methylation  changes  dur¬ 
ing  carcinogenesis  are  not  completely  understood.  To  develop 
a  timeline  of  aberrant  DNA  methylation  events  during  malig¬ 
nant  transformation,  we  analyzed  genome-wide  DNA  methyl¬ 
ation  patterns  in  an  isogenic  human  mammary  epithelial  cell 
(HMEC)  culture  model  of  transformation.  To  acquire  immor¬ 
tality  and  malignancy,  the  cultured  finite  lifespan  HMEC  must 
overcome  two  distinct  proliferation  barriers.  The  first  barrier, 
stasis,  is  mediated  by  the  retinoblastoma  protein  and  can  be 
overcome  by  loss  of  pi  6™*^  expression.  HMEC  that  escape 
stasis  and  continue  to  proliferate  become  genomically  unsta¬ 
ble  before  encountering  a  second  more  stringent  proliferation 
barrier,  telomere  dysfunction  due  to  telomere  attrition.  Rare 
cells  that  acquire  telomerase  expression  may  escape  this  bar¬ 
rier,  become  immortal,  and  develop  further  malignant  prop¬ 
erties.  Our  analysis  of  HMEC  transitioning  from  finite  lifespan 
to  malignantly  transformed  showed  that  aberrant  DNA  meth¬ 
ylation  changes  occur  in  a  stepwise  fashion  early  in  the  trans¬ 
formation  process.  The  first  aberrant  DNA  methylation  step 
coincides  with  overcoming  stasis,  and  results  in  few  to 
hundreds  of  changes,  depending  on  how  stasis  was  overcome. 
A  second  step  coincides  with  immortalization  and  results  in 
hundreds  of  additional  DNA  methylation  changes  regardless 
of  the  immortalization  pathway.  A  majority  of  these  DNA 
methylation  changes  are  also  found  in  malignant  breast 
cancer  cells.  These  results  show  that  large-scale  epigenetic 
remodeling  occurs  in  the  earliest  steps  of  mammary  carcino¬ 
genesis,  temporally  links  DNA  methylation  changes  and  over¬ 
coming  cellular  proliferation  barriers,  and  provides  a  bank  of 
potential  epigenetic  biomarkers  that  may  prove  useful  in 
breast  cancer  risk  assessment.  [Cancer  Res  2009;69(12):5251-8] 

Introduction 

Epigenetic  dysfunction  is  a  common  and  perhaps  universal  fea¬ 
ture  of  human  cancer.  One  facet  of  the  epigenetic  system  that 
shows  clear  and  dramatic  differences  between  normal  and  cancer 
cells  is  DNA  methylation.  DNA  hypermethylation  generally  occurs 
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in  CpG  island  gene  promoters  and  is  linked  to  transcriptional  gene 
silencing,  whereas  DNA  hypomethylation  often  occurs  in  repetitive 
elements,  pericentromeric  regions,  and  within  the  body  of  genes 
and  has  been  linked  to  gene  activation  and  chromosome  instabil¬ 
ity.  Studies  into  the  biological  consequences  of  hypomethylation 
and  hypermethylation  indicate  that  each  plays  a  participative  role 
in  carcinogenesis  (1,  2).  Although  significant  progress  has  been 
made  in  identifying  aberrant  methylation  events  that  occur  during 
carcinogenesis,  the  timing,  origins,  and  consequences  of  these 
events  remain  incompletely  understood. 

We  have  used  a  human  mammary  epithelial  cell  (HMEC)  model 
system  that  allows  for  assessment  of  changes  in  DNA  methylation 
that  occur  at  the  earliest  stages  of  multistep  human  breast  carci¬ 
nogenesis.  In  this  model,  the  transformation  of  normal  finite  life¬ 
span  HMEC  to  malignancy  requires  overcoming  two  distinct 
senescence-associated  barriers  to  immortality  (3).  The  first  barrier, 
termed  stasis  or  stress-induced  senescence,  is  characterized  by  el¬ 
evated  levels  of  the  cyclin-dependent  kinase  inhibitor  pl6INK4A 
(gene  CDKN2A),  which  maintains  the  retinoblastoma  protein  in 
an  active  state  (4).  This  barrier  has  been  overcome  or  bypassed 
in  cultured  HMEC  by  various  means,  such  as  exposure  to  the 
chemical  carcinogen  benzo(a)pyrene,  with  the  resultant  post-stasis 
cells  commonly  exhibiting  inactivation  of  CDKN2A  by  promoter  hy¬ 
permethylation  or  by  gene  mutation  (4,  5).  Loss  of  pl6  expression 
due  to  silencing  or  mutation  is  also  a  frequent  event  during  in  vivo 
human  breast  cell  transformation  (6,  7).  When  grown  in  a  serum- 
free  medium,  rare  HMEC  will  “spontaneously”  silence  pl6,  gener¬ 
ating  a  type  of  post-stasis  HMEC  population  that  has  been  called 
post-selection  (4,  8).  HMECs  that  have  escaped  stasis  undergo  fur¬ 
ther  proliferation  before  encountering  a  second  more  stringent 
proliferation  barrier  resulting  from  critically  shortened  telomeres 
(3,  9).  When  approaching  the  telomere  dysfunction  barrier,  HMEC 
exhibit  increased  chromosomal  instability  and  a  DNA  damage  re¬ 
sponse.  Rare  cells  that  gain  telomerase  expression  may  escape  this 
barrier  and  acquire  immortal  potential;  additional  perturbations 
can  confer  malignant  properties  on  the  immortally  transformed 
cells  (5,  10-12). 

This  HMEC  system  has  proven  useful  for  identifying  and  reflect¬ 
ing  the  molecular  events  involved  in  early  human  breast  tumori- 
genesis  (3-5,  9,  13-15).  For  example,  the  hypermethylation  of 
CDKN2A  seen  in  post-stasis  HMEC  has  also  been  documented  in 
precancer ous  lesions  and  histologically  normal  breast  tissue  (15, 
16).  Currently,  it  is  not  clear  if  focal  DNA  methylation  changes, 
such  as  in  pl6,  are  rare  events  that  accumulate  independently 
and  gradually  over  time  or  if  these  are  examples  of  larger  sets  of 
DNA  methylation  changes  that  occur  in  groups,  concurrently  and 
at  distinct  points  in  the  immortalization  process.  Genomic  insta¬ 
bility  and  telomere  erosion,  characteristic  of  premalignant  in  situ 
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breast  lesions,  is  seen  in  the  cultured  HMEC  at  the  telomere  dys¬ 
function  barrier  (3,  9,  13,  17).  The  potential  contribution  of  epige¬ 
netic  changes  to  telomerase  reactivation  and  immortality  is 
currently  not  known.  To  begin  to  address  these  questions,  we  ex¬ 
amined  the  DNA  methylation  profiles  of  cultured  normal  finite  life¬ 
span  HMEC,  isogenic  derivatives  induced  to  escape  the  stasis  and/ 
or  telomere  dysfunction  barriers,  established  breast  cancer  cell 
lines,  and  human  breast  cancer  specimens. 

Our  results  show  that  aberrant  DNA  methylation  patterns 
emerge  at  the  earliest  stages  of  HMEC  transformation  in  vitro  in 
finite  lifespan  HMEC.  Aberrant  changes  proceeded  in  a  stepwise 
fashion,  with  each  step  temporally  linked  to  escaping  one  of  the 
two  proliferation  barriers.  The  first  step  of  DNA  methylation 
change  occurs  when  stasis  is  overcome  or  bypassed,  and  results 
in  few  to  hundreds  of  aberrant  hypermethylation  and  hypomethy- 
lation  events,  depending  on  the  manner  by  which  stasis  was  over¬ 
come.  A  majority  of  these  events  are  found  in  breast  cancer  cells. 
The  second  step  occurs  in  cells  that  have  overcome  the  telomere 
dysfunction  barrier  and  become  immortal  and  is  associated  with 
hundreds  of  aberrant  methylation  events  regardless  of  the  manner 
of  immortalization.  A  majority  of  these  events  are  also  found  in 
breast  cancer  cells.  Further  methylation  changes  occur  during  ma¬ 
lignant  progression.  These  results  suggest  that  groups  of  DNA 
methylation  changes  can  arise  concurrently  and  in  a  stepwise  fash¬ 
ion  during  early  breast  carcinogenesis. 

Materials  and  Methods 

Cell  cultures.  Organoids  were  obtained  from  reduction  mammoplasty 
tissues  as  described  (18).  Finite  lifespan  pre-stasis  HMEC  from  specimens 
184  (batches  D-F),  48  (batches  RT  and  LT),  and  240L  (batch  B),  and  post¬ 
selection  HMEC  184  (batch  B,  telomere  dysfunction  arrest  at  ^passage 
15)  and  48  (batch  RS,  telomere  dysfunction  arrest  at  ^passage  23)  were 
derived  from  tissue  of  women  ages  21,  16,  and  19  years,  respectively.  Cells 
were  initiated  as  organoids  in  primary  culture  in  either  serum-free  MCDB 
170  medium  (MEGM,  Clonetics  Division  of  Lonza)  plus  supplements  (8) 
or  serum-containing  medium  MM  (19)  or  M85  (composed  of  50%  MM 
and  50%  supplemented  MCDB  170  medium).5  Post-selection  HMEC  were 
cultured  in  MCDB  170  medium  as  described  (8,  18).  The  post-stasis 
184Aa,  184Be,  and  184Ce  cultures  and  the  nonmalignant  immortal  lines 
184A1  and  184B5  were  obtained  from  primary  cultures  of  specimen  184 
grown  in  MM,  which  had  been  exposed  to  the  chemical  carcinogen  benzo 
(a)pyrene  as  described  (5).  184A1-RF  was  obtained  by  retroviral  transduc¬ 
tion  of  the  184A1  line  with  the  Raf-1  oncogene  and  has  gained  anchorage- 
independent  growth  (10).  The  P53"7"  184AA2  immortal  line  with  anchor¬ 
age-independent  growth  was  obtained  from  184Aa  following  insertional 
mutagenesis  as  described  (20).  The  184B5ME  line  with  anchorage-inde¬ 
pendent  growth  was  obtained  by  transfection  of  184B5  with  erbB2  and 
selection  for  anchorage-independent  colonies.  The  post-stasis  184F- 
pl6sh  and  184D-pl6sh  cultures  were  obtained  by  retroviral  transduction 
of  pre-stasis  HMEC  cultures  that  were  grown  respectively  in  M85  and 
M87A+X  [composed  of  50%  MM4  (19)  and  50%  supplemented  MCDB 
170  medium  plus  0.1%  AlbuMax  (Invitrogen)  and  0.1  nmol/L  oxytocin 
(Bachem)j.  The  nonmalignant  immortal  184ZNMY3  line  was  derived  from 
post-selection  184B  following  retroviral  transduction  of  ZNF217  and 
c-myc;  184ZNMY3-N  with  anchorage-independent  growth  was  obtained  fol¬ 
lowing  retroviral  transduction  of  184ZNMY3  with  the  mutated  neu  oncogene. 
Breast  cancer  cell  lines  were  cultured  as  described  previously  (21). 

Breast  tumor  specimens.  Flash-frozen  specimens  derived  from  normal 
or  cancerous  breast  tissue  were  obtained  from  patients  who  underwent  sur¬ 
gery  for  breast  cancer,  either  lumpectomy  or  mastectomy,  at  the  University 


5  Garbe  and  colleagues,  submitted  for  publication. 


Medical  Center  in  Tucson  from  2003  to  2005.  All  patients  signed  surgical 
and  clinical  research  consents  for  tissue  collection  in  accordance  with 
the  University  of  Arizona  institutional  review  board  and  Health  Insurance 
Portability  and  Accountability  Act  regulations.  At  the  time  of  surgery,  a  1 
to  3  cm  section  of  the  tumor  was  immediately  snap-frozen  in  liquid  nitro¬ 
gen  and  stored  in  our  prospective  breast  tissue  bank  at  -80°C.  From  each 
tissue  block,  a  series  of  5  pm  sections  were  cut  and  stained  with  H&E  for 
pathologic  evaluation.  All  H&E  slides  were  reviewed  by  two  independent 
pathologists  to  determine  the  integrity  of  the  tumor  specimen.  A  partial 
molecular  characterization  of  these  samples  have  been  reported  on  previ¬ 
ously  (21,  22).  Supplementary  Table  SI  provides  the  pathologic  assessment 
of  each  specimen. 

Nucleic  acid  isolation.  RNA  and  DNA  were  isolated  as  described  previ¬ 
ously  (21). 

DNA  methylation  analysis  by  MassARRAY.  Sodium  bisulfite-treated 
genomic  DNA  was  prepared  according  to  the  manufacturer's  instructions 
(Zymo  Research).  Sodium  bisulfite-treated  DNA  (5  ng)  was  seeded  into  a 
region-specific  PCR  incorporating  a  T7  RNA  polymerase  sequence  as 
described  by  the  manufacturer  (Sequenom).  Resultant  PCR  product  was 
then  subjected  to  in  vitro  transcription  and  RNase  A  cleavage  using  the 
MassCLEAVE  T-only  kit,  spotted  onto  a  Spectro  CHIP  array,  and  analyzed 
using  the  MassARRAY  Compact  System  matrix-assisted  laser  desorption/ 
ionization-time-of-flight  mass  spectrometer  (Sequenom).  Each  sodium  bi¬ 
sulfite-treated  DNA  sample  was  processed  in  two  independent  experiments. 
Data  were  analyzed  using  EpiTyper  software  (Sequenom)  as  described 
(22,  23).  Primer  sequences  were  designed  using  EpiDesigner.6  Primer  se¬ 
quences  are  available  upon  request. 

The  methyl  DNA  immunoprecipitation  microarrays  and  data 
analysis.  The  methylated  fraction  of  DNA  was  obtained  by  immunopre¬ 
cipitation  as  described  (21).  Input  and  immunoprecipitated  DNAs  were 
amplified,  labeled,  and  analyzed  on  Human  Promoter  arrays  as  described 
(24).  All  microarray  data  were  processed  in  R  programming  environment 
using  Limma  package  and  differentially  methylated  elements  were  iden¬ 
tified  using  statistical  approaches  as  described  previously  (25).  To  con¬ 
trol  for  false  discovery  rate,  a  multiple  testing  correction  was  done 
according  to  the  methods  described  (24).  A  list  of  differentially  methyl¬ 
ated  elements  is  provided  in  Supplementary  Table  S2.  A  region  was  con¬ 
sidered  differentially  methylated  if  the  adjusted  P  <  0.05  and  there  was 
at  least  a  1.25-fold  change  in  methylcytosine  immunoprecipitated  DNA 
versus  input  DNA  ratio  relative  to  pre-stasis  HMEC.  The  magnitude  of 
the  microarray  methylation  ratio  was  directly  correlated  with  the  degree 
of  methylation  as  determined  by  MassARRAY  (Supplementary  Fig.  SI). 

All  raw  and  normalized  microarray  data  with  detailed  protocols  are 
available  in  the  ArrayExpress  database  accession  E-MEXP-1889.7  The 
number  of  and  samples  analyzed  by  DNA  methylation  microarray  are  pro¬ 
vided  in  Supplementary  Table  S3.  Gene  Ontology  terms  overrepresentation 
testing  was  done  using  GOstats  package  (26).  Overlapping  probabilities  of 
differentially  methylated  region  sets  were  calculated  using  a  hypergeo¬ 
metric  test  (27). 


Results 

DNA  methylation  changes  during  transformation.  Figure  1 
shows  the  cells  analyzed  in  this  study,  their  relative  position  with 
respect  to  proliferation  barriers,  the  predicted  corresponding 
in  vivo  correlates  (3,  9,  13),  the  timing  and  accumulation  of  genetic 
abnormalities  (9,  13,  28-30),  and  finally  the  timing  and  accumula¬ 
tion  of  DNA  methylation  changes  determined  in  this  study.  The 
DNA  methylation  state  of  HMEC  at  different  stages  in  the  transfor¬ 
mation  from  normal  finite  pre-stasis  to  immortal  with  anchorage- 
independent  growth,  as  well  as  malignant  breast  cancer  cell  lines 


6  www.epidesigner.com 

7  www.ebi.ac.uk/arrayexpress 
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Figure  1 .  Schematic  representation  of  breast  cancer 
progression  and  the  timing  of  the  underlying  genomic 
and  DNA  methylation  changes.  Connection  between 
in  vitro  system  and  in  vivo  progression  is  based  on 
the  previously  published  data  describing  genomic 
changes  (9,  13,  30).  Top,  the  temporal  position  of  the 
two  epithelial  cell  proliferation  barriers  of  stasis  and 
telomere  dysfunction  that  divides  the  timeline  into 
pre-stasis,  post-stasis,  and  immortal  epithelial  cells. 
Middle,  corresponding  cell  culture  models  used  in  this 
study.  Red,  treatment  or  genetic  manipulation  used. 
Cell  models  are  described  in  detail  in  Materials  and 
Methods.  Bottom,  in  vivo  correlates  of  the  HMEC 
system  followed  by  the  timeline  of  previously  described 
genomic  dysfunction  in  HMEC  and  finally  the  timeline 
of  DNA  methylation  changes  identified  and  described 
in  this  study.  Arrows  on  the  DNA  methylation  changes 
curve  show  the  time  points  analyzed  for  DNA 
methylation  state. 


Stasis  Telomere 


was  analyzed  using  a  13,500  element  human  gene  promoter  micro¬ 
array  (24);  arrows  in  the  bottom  panel  indicate  when  cells  were 
examined. 

The  first  step  of  DNA  methylation  change  occurs  when  stasis  is 
overcome  or  bypassed  and  post-stasis  HMEC  emerge  (Fig.  2 A). 
When  pre-stasis  HMEC  are  compared  with  post-selection  HMEC 
(48RS  and  184B)  that  overcame  stasis  associated  with  silencing 
of  pl6  following  culture  in  a  stress-inducing  serum-free  medium 
(8),  191  differentially  methylated  regions  were  identified,  in  addi¬ 
tion  to  the  previously  described  CDKN2A  methylation  (4).  This 
number  represents  ~2%  of  all  promoters  analyzed  on  this  micro¬ 
array.  In  contrast,  HMEC  that  become  post-stasis  following  expo¬ 
sure  to  the  mutagen  and  complete  carcinogen  benzo(a)pyrene 
(184Aa,  184Be,  and  184Ce;  refs.  5,  31)  exhibited  only  10  differential¬ 
ly  methylated  regions  when  compared  with  pre-stasis  HMEC.  Al¬ 
though  this  is  a  very  small  number  of  elements  that  could 


represent  false  discoveries  or  stochastic  events,  it  appears  that  at 
least  a  few  are  valid  and  relevant,  such  as  the  HOXA  gene  cluster, 
because  this  is  a  common  target  among  all  these  post-stasis  HMEC 
samples  as  well  as  clinical  disease.  Supplementary  Fig.  S2  shows 
high-resolution  methylation  analysis  that  confirms  aberrant  meth¬ 
ylation  of  the  HOXA4  locus  in  the  benzo(a)pyrene-treated  HMEC. 
In  contrast,  HMEC  that  became  post-stasis  following  transduction 
with  pl6  short  hairpin  RNA  (184F-pl6sh  and  184D-pl6sh)  accumu¬ 
lated  only  5  differentially  methylated  regions  and  did  not  show 
changes  in  the  HOXA  gene  cluster.  These  results  suggest  that  dif¬ 
ferent  levels  of  DNA  methylation  changes  may  be  associated  with 
HMEC  that  overcome  the  stasis  proliferation  barrier  via  different 
genetic  or  epigenetic  mechanisms.  Considering  that  the  number  of 
aberrantly  methylated  genes  in  cancer  has  been  estimated  to  be 
between  several  hundreds  to  low  thousands  (1,  22,  32)  and  the 
large  number  of  differentially  methylated  regions  seen  in  the 
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post-selection  HMEC,  the  transition  through  the  stasis  prolifera¬ 
tion  barrier  may  represent  a  critical  epigenetic  event  in  some  path¬ 
ways  of  carcinogenesis. 

The  second  step  of  DNA  methylation  change  occurs  when  telo¬ 
mere  dysfunction  is  overcome  and  cells  become  immortal  (Fig.  2 A). 
This  second  stepwise  increase  in  DNA  methylation  changes  pro¬ 
duced  hundreds  of  new  differentially  methylated  regions  regardless 
of  how  telomere  dysfunction  or  stasis  was  overcome.  Breast  cancer 
cell  lines  derived  from  malignant  tumors  displayed  the  greatest 
number  of  aberrant  DNA  methylation  changes.  Taken  together, 
these  results  are  consistent  with  progressive,  stepwise  increases 
in  aberrant  DNA  methylation  during  the  transformation  process. 

To  further  address  whether  aberrant  DNA  methylation  pro¬ 
gresses  in  a  gradual  or  stepwise  fashion  in  the  earliest  stages  of 
breast  carcinogenesis,  we  examined  multiple  early-  and  late-passage 


pre-stasis  and  post-selection  HMEC,  including  cell  passages  in  telo¬ 
mere  dysfunction,  which  are  known  to  have  genomic  instability 
(ref.  9;  Fig.  2 B).  A  comparison  of  the  DNA  methylation  patterns 
of  early-  and  late-passage  pre-stasis  HMEC  revealed  no  differential¬ 
ly  methylated  regions.  Similarly,  no  additional  differentially  meth¬ 
ylated  regions  were  detected  when  early  passage  post-selection 
HMEC  were  compared  with  those  at  telomere  dysfunction.  These 
results  showed  that  there  is  not  a  gradual  progression  or  increase 
in  the  number  of  differentially  methylated  regions  between  prolif¬ 
erative  barriers  but  rather  new  differentially  methylated  regions 
emerge  in  cells  that  overcame  stasis  or  telomere  dysfunction.  Such 
stepwise  changes  are  shown  on  Fig.  2 B,  which  shows  the  methyla¬ 
tion  status  of  post-stasis-specific  differentially  methylated  regions 
and  breast  cancer  cell  line-specific  differentially  methylated  re¬ 
gions  at  various  stages  of  transformation.  The  abrupt  increase  in 
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Figure  2.  Stepwise  progression  of  DNA  methylation  changes  in  an  HMEC  model  of  acquired  immortality.  A,  total  number  of  DNA  hypermethylation  and  hypomethylation 
changes  in  groups  of  post-stasis  HMEC,  indefinite  lifespan  HMEC,  and  breast  cancer  cell  lines  when  compared  with  pre-stasis  HMEC.  A  total  of  11,328  of  gene 
promoter  regions  were  analyzed.  For  purposes  of  statistical  testing,  some  cell  cultures  were  treated  as  one  group  (biological  replicate)  and  each  of  these  groups  is 
represented  by  one  bar.  B,  stepwise  progression  of  DNA  methylation  in  post-stasis-specific  differentially  methylated  regions  and  cancer  cell  line-specific  differentially 
methylated  regions  (DMR).  DNA  methylation  on  the  Y  axis  is  based  on  the  normalized  microarray  data  and  corresponds  to  the  log2  ratio  of  methylcytosine- 
immunoprecipitated  DNA  versus  input  DNA.  The  passage  number  of  each  HMEC  culture  analyzed  is  in  parenthesis.  Only  the  hypermethylated  differentially  methylated 
regions  are  shown.  Samples  are  color  coded  with  blue  boxes  corresponding  to  pre-stasis  cells,  green  to  post-stasis  cells,  and  red  to  immortalized  cell  lines 
including  breast  cancer  cell  lines.  C,  Venn  diagram  showing  common  and  unique  differentially  methylated  regions  between  post  stasis  HMEC,  immortalized  HMEC, 
and  breast  cancer  cell  lines.  The  post-stasis  category  represents  differentially  methylated  regions  detected  in  any  post-stasis  HMEC  group,  the  indefinite  lifespan 
category  represents  differentially  methylated  regions  detected  in  at  least  two  of  the  immortal  HMEC  lines,  and  the  breast  cancer  cell  line  category  represents  differentially 
methylated  regions  found  in  at  least  two  of  the  three  breast  cancer  cell  lines  analyzed.  The  significance  of  overlap  between  post-stasis  HMEC  and  breast  cancer 
cell  lines  and  between  immortalized  HMEC  and  breast  cancer  cell  lines  was  calculated  using  a  hypergeometric  test. 
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DNA  methylation  changes  in  post-stasis  and  immortal  cells  show 
the  breakpoints  of  epigenetic  reprogramming. 

DNA  methylation  changes  seen  during  in  vitro  transforma¬ 
tion  model  the  changes  seen  in  in  vivo  carcinogenesis.  If  the 
DNA  methylation  changes  found  in  post-stasis  HMEC  and  immor¬ 
tal  HMEC  cell  lines  are  relevant  to  malignant  transformation,  then 
the  identified  methylation  changes  should  resemble  those  seen  in 
malignant  breast  cancer  cell  lines.  Figure  2 C  is  a  Venn  diagram  re¬ 
lating  the  differentially  methylated  region  found  in  post-stasis  and 
immortal  HMEC  and  genetically  distinct  breast  cancer  cell  lines.  Of 
the  203  differentially  methylated  regions  found  in  post-stasis 
HMEC  populations,  136  differentially  methylated  regions  (67%) 
are  also  aberrantly  methylated  in  breast  cancer  cell  lines  (overlap¬ 
ping  probability  P  <  2.2  x  10”16).  Furthermore,  of  the  484  differen¬ 
tially  methylated  regions  identified  in  the  immortalized  HMEC 
lines,  327  (68%)  are  also  found  in  breast  cancer  cell  lines  ( P  <  2.2 
x  10”16).  Supplementary  Fig.  S3  shows  the  overlap  and  differences 
in  differentially  methylated  regions  between  immortal  cell  lines 
that  bypassed  this  proliferation  barrier  by  different  mechanisms. 
These  data  indicate  that  a  significant  overlap  exists  between  the 
targets  of  aberrant  DNA  methylation  in  breast  cancer  cells  and 
the  targets  of  aberrant  DNA  methylation  in  the  premalignant 
stages  represented  by  the  HMEC  model. 

Stepwise  changes  in  DNA  methylation  in  specific  gene  clus¬ 
ters  at  defined  proliferation  barriers.  To  further  examine  the 
timing  of  specific  methylation  events,  two  gene  clusters  known 
to  undergo  aberrant  methylation  during  breast  carcinogenesis 
were  examined  in  the  gene  promoter  microarrays.  Previous  studies 
have  shown  frequent  hypermethylation  and  silencing  of  the  HOXA 
and  PCDH  gene  family  clusters  in  breast  cancer  (21,  22).  Our  data 
indicate  that  a  prevalence  of  aberrantly  methylated  HOXA  genes  is 
also  seen  in  both  post-stasis  and  immortal  HMEC.  Detailed  explo¬ 
ration  of  the  HOXA  genomic  region  showed  that  silencing  of  the 
whole  cluster  can  originate  early  in  breast  carcinogenesis  (Fig.  3). 
Early  DNA  methylation  changes  occur  in  HOXA3,  HOXA4,  HOXA9, 
HOXAIO,  and  HOXA13  genes  in  the  post-selection  HMEC.  Interest¬ 
ingly,  the  HOXA  cluster  is  also  one  of  the  few  regions  where  differ¬ 
entially  methylated  regions  emerged  in  post-stasis  cells  that 
bypassed  stasis  following  exposure  to  benzo(a)pyrene;  however, 
the  HOXA  cluster  was  not  targeted  in  HMEC  that  bypassed  stasis 
via  silencing  of  pl6  by  short  hairpin  RNA.  Further  progression  in 
aberrant  DNA  methylation  occurs  in  the  HOXA  gene  cluster  in  the 
immortal  HMEC  cell  lines  that  overcame  the  telomere  dysfunction 
barrier.  Continued  malignant  progression  is  ultimately  associated 
with  aberrant  DNA  hypermethylation  of  the  whole-gene  cluster  as 
seen  in  the  breast  cancer  lines. 

A  similar  progression  in  aberrant  DNA  methylation  occurs  in  an¬ 
other  genomic  region,  the  PCDH  gene  family  cluster.  However,  de¬ 
tailed  exploration  of  the  PCDH  genomic  region  showed  that,  in  this 
cluster,  most  changes  are  observed  in  the  transition  from  post-sta¬ 
sis  to  immortal  HMEC  (Supplementary  Fig.  S4).  Whereas  almost  no 
changes  were  seen  in  the  post-stasis  HMEC,  the  nonmalignant  im¬ 
mortal  cell  lines  already  displayed  most  of  the  changes  seen  in  the 
breast  tumor  lines.  These  results  clearly  illustrate  the  stepwise  na¬ 
ture  of  the  DNA  methylation  changes  in  association  with  overcom¬ 
ing  the  proliferation  barriers  to  immortality. 

High-resolution  confirmation  of  DNA  methylation  changes. 
To  confirm  the  methylation  microarray  data  and  extend  our 
model,  we  analyzed  the  methylation  status  of  post-stasis-specific 
differentially  methylated  regions  in  pre-stasis,  post-stasis,  and 
immortalized  HMEC,  a  set  of  primary  breast  tumors,  and  breast 


epithelial  organoids  using  MassARRAY  (Fig.  4;  Supplementary 
Fig.  S3).  Results  obtained  confirmed  the  microarray  data  and  ex¬ 
tended  them  by  showing  that  the  DNA  methylation  changes  seen 
in  the  in  vitro  model  of  post-stasis  HMEC  can  also  be  found  in 
primary  breast  tumors  but  are  not  present  in  the  normal  epithelial 
organoids  used  to  establish  the  HMEC  system  (18).  In  addition  to 
the  inappropriate  methylation  of  CDKN2A  as  reported  in  focal  ag¬ 
gregates  of  histologically  normal  mammary  epithelia  (15,  16)  and  in 
atypical  ductal  hyperplasia  (33),  we  also  found  the  promoter  region 
of  PGR  to  be  inappropriately  methylated  in  post-stasis  cells,  similar 
to  findings  in  atypical  ductal  hyperplasia  (34).  Overall,  these  results 
indicate  that  post-stasis  HMEC  are  a  relevant  model  of  early  epi¬ 
genetic  changes  in  breast  carcinogenesis  and  that  the  hundreds 
of  differentially  methylated  regions  discovered  may  serve  as  po¬ 
tential  markers  of  premalignant  breast  lesions. 

Gene  Ontology  of  DNA  methylation-targeted  promoters.  To 
evaluate  the  potential  functional  importance  of  the  DNA  methyl¬ 
ation  changes,  we  analyzed  the  ontology  of  the  genes  where  the 
promoters  were  targeted  for  changes  in  DNA  methylation,  and  we 
found  several  overrepresented  groups  of  genes  (Supplementary 
Fig.  S5).  A  significant  number  of  genes  involved  in  the  extracel¬ 
lular  matrix  and  the  extracellular  region  were  hypermethylated  in 
post-stasis  cells,  consistent  with  published  gene  expression  data 
that  showed  differential  expression  of  extracellular  matrix  and 
cell-cell  communication  genes  between  pre-stasis  and  post-stasis 
HMEC  (14).  Another  noteworthy  group  of  affected  genes  that  are 
hypermethylated  in  both  post-stasis  and  breast  cancer  cell  lines  is 
the  Gene  Ontology  group  related  to  adhesion  and  the  plasma 
membrane.  This  Gene  Ontology  analysis  revealed  groups  of  genes 
targeted  by  aberrant  DNA  methylation  in  premalignant  mammary 
epithelial  that  are  also  found  to  be  dysregulated  in  breast  cancer, 
suggesting  that  epigenetic  changes  important  to  the  malignant 
phenotype  may  occur  early  in  the  multistep  process  of  malignant 
transformation  and  before  immortalization. 

Discussion 

In  this  report,  we  have  shown  that  the  transition  of  cultured 
HMEC  from  normal  finite  lifespan  to  immortality  is  associated 
with  a  stepwise  progression  of  DNA  methylation  changes  and  that 
these  steps  are  coincident  with  passage  through  the  defined 
epithelial  cell  proliferation  barriers  of  stasis  and  telomere  dysfunc¬ 
tion.  HMEC  that  emerged  from  these  proliferation  barriers  ac¬ 
quired  hundreds  of  DNA  methylation  changes  compared  with 
cells  examined  just  before  the  proliferation  barrier.  In  contrast, 
no  changes  in  DNA  methylation  were  observed  between  early- 
and  late-passage  cell  populations  that  preceded  the  proliferation 
barriers.  These  results  suggest  a  direct  mechanistic  link  between 
epigenetic  dysfunction  and  escape  from  senescence  barriers 
thought  to  function  as  tumor  suppressor  mechanisms.  Impor¬ 
tantly,  a  majority  of  the  two-step  DNA  methylation  changes  iden¬ 
tified  using  this  HMEC  system  are  also  seen  in  both  breast  cancer 
cell  lines  and  tumor  specimens.  Because  these  methylation 
changes  occurred  at  the  earliest  stages  of  transformation,  in  still 
finite  lifespan  HMEC  populations,  our  results  suggest  that  numer¬ 
ous  aberrant  methylation  changes  may  be  present  in  premalignant 
lesions  of  breast  cancer.  Indeed,  several  genes  previously  shown  to 
have  hypermethylated  promoters  in  histologically  normal  mamma¬ 
ry  epithelia  and  premalignant  stages  of  breast  carcinogenesis  were 
also  identified  in  this  study,  including  the  CDKN2A  and  PGR  pro¬ 
moters  (15,  16,  33-37). 
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Figure  3.  Progression  of  DNA  methylation  in  the  HOXA  gene  family  cluster  from  finite  lifespan  HMEC  to  malignantly  transformed  breast  cancer  cells.  Top,  map  of 
the  RefSeq  genes  of  the  HOXA  cluster  taken  from  University  of  California  at  Santa  Cruz  Genome  Browser  (http://genome.ucsc.edu)  followed  by  the  location  of  CpG 
islands.  The  DNA  methylation  state  of  the  HOXA  gene  family  cluster  based  on  the  microarray  data  obtained  from  the  various  HMEC  stages  and  breast  cancer  cell 
lines  is  shown  in  a  heat  map  format  and  presented  in  physical  scale  along  the  HOXA  cluster.  Green,  hypomethylated  sites;  red,  hypermethylated  sites.  Nucleotide 
position  along  chromosome  7  is  shown  below  the  heat  map. 


Gene  Ontology  analysis  of  the  promoters  targeted  by  DNA  meth¬ 
ylation  showed  that  genes  involved  in  the  biological  process  of 
multicellular  organismal  development  were  overrepresented  in 
both  post-stasis  cells  and  cancer  cell  lines,  suggesting  that  these 
targets  may  participate  in  the  initiation  and  maintenance  of  the 
malignant  phenotype  (Supplementary  Fig.  S5).  HOXA  genes  are 
prominent  in  this  list  and  are  represented  by  HOXA2,  HOXA4, 
HOXA9,  HOXAIO,  HOXA11,  and  HOXA13.  The  disruption  of  these 
transcriptional  regulators,  which  are  involved  in  control  of  cell 
identity,  are  logical  genes  to  be  targeted  in  the  malignant  transfor¬ 
mation  process,  and  the  consequences  of  their  dysregulation  are 
likely  manifest  through  changes  in  the  expression  of  HOXA  target 
genes.  The  fact  that  aberrant  DNA  methylation  and  transcriptional 
dysregulation  of  the  HOXA  gene  cluster  is  seen  in  a  variety  of  hu¬ 
man  tumor  types  suggests  that  these  events  play  a  critical  role  in 


human  carcinogenesis  (21,  38-40).  Based  on  this  information,  we 
speculate  that  HOXA  genes  are  critical  targets  in  the  epigenetic  ini¬ 
tiation  of  malignant  transformation. 

The  HOXA  genes  also  represent  a  gene  family  cluster  that  fre¬ 
quently  undergoes  Long-range  epigenetic  silencing  in  invasive 
breast  cancer  (21,  22,  41,  42).  Interestingly,  the  PCDH  gene  family 
clusters  (a,  (3,  and  y)  on  chromosome  5,  another  known  target  of 
long-range  epigenetic  silencing  epigenetic  silencing  in  invasive 
breast  cancer,  are  also  represented  in  the  early  steps  of  our  in  vitro 
model  of  transformation  (22).  The  increased  DNA  methylation  ob¬ 
served  in  these  two  known  long-range  epigenetic  silencing  targets 
provide  evidence  that  ( a )  long-range  epigenetic  silencing  is  initiat¬ 
ed  early  in  mammary  epithelial  cell  transformation,  ( b )  long-range 
epigenetic  silencing  likely  initiates  in  a  stepwise  fashion,  similar  to 
the  focal  events  observed  in  this  study,  and  (c)  the  in  vitro  HMEC 
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system  is  an  accurate  reflection  of  the  clinical  disease.  Taken  to¬ 
gether,  these  results  suggest  that  the  post-stasis-specific  and  the 
immortalization- specific  differentially  methylated  regions  identi¬ 
fied  in  this  study  may  serve  as  potential  markers  of  premalignant 
events  in  breast  carcinogenesis.  The  specific  DNA  methylation 
changes  identified  in  this  study  can  potentially  provide  a  bank  of 
epigenetic  biomarkers  for  assessing  breast  cancer  risk  and  allow 
for  the  analysis  of  multiple  post-stasis  and  immortalization- 
specific  DNA  methylation  changes  that  when  combined  with  addi¬ 
tional  types  of  genomic  data  (e.g.,  SNPs  and  gene  expression)  will 
help  develop  increasingly  robust  risk  assessment  models. 

We  examined  cells  that  escaped  stasis  by  three  distinct  means, 
exposure  to  the  chemical  carcinogen  benzo(a)pyrene,  growth  in  a 
stress-inducing  serum-free  medium,  and  direct  inactivation  of  pl6 
by  pl6  short  hairpin  RNA;  the  first  two  methods  generated  clonal 
post-stasis  populations.  The  extent  of  DNA  methylation  changes  at 
this  step  varied  greatly  depending  on  the  manner  by  which  the 
HMEC  had  become  post-stasis.  Post-selection  HMEC  displayed 
DNA  methylation  changes  at  hundreds  of  gene  promoters,  includ¬ 
ing  CDKN2A,  whereas  HMEC  that  bypassed  stasis  following  benzo 
(a)pyrene  exposure  or  direct  genetic  inactivation  of  pl6  showed 
few  changes.  These  results  suggest  that  different  pathways  to 
post-stasis  produce  different  epigenetic  signatures.  Notably,  how¬ 
ever,  the  DNA  methylation  state  of  the  HOXA  gene  cluster  is  per¬ 
turbed  in  all  post-selection  and  benzo(a)pyrene  exposed  post¬ 
stasis  cultures  regardless  of  pathway  taken.  These  results  suggest 
that,  within  the  emerging  transformation-associated  epigenetic  sig¬ 
natures,  there  maybe  common  critical  epigenetic  targets  affected  by 
the  distinct  paths  and  etiologies  of  breast  cell  transformation.  The 
epigenetic  aberrations  that  are  common  to  the  different  pathways 
may  play  a  critical  role  in  driving  the  transformation  process  for¬ 
ward;  the  early  deregulation  of  the  HOX  gene  family  clusters,  which 
are  decisively  linked  to  human  carcinogenesis,  are  one  clear  example 
that  is  consistent  with  this  possibility  (21,  39,  40).  In  contrast,  the 
epigenetic  aberrations  that  are  specific  to  particular  pathways  to 


post-stasis  and  therefore  occur  at  this  earliest  stage  of  transforma¬ 
tion  may  allow  for  the  emergence  of  distinct  phenotypes  if  these 
cells  pass  to  immortality  and  malignancy. 

Although  the  stasis  proliferation  barrier  could  be  bypassed  with 
minimal  epigenetic  changes,  all  the  immortalized  lines  examined 
acquired  hundreds  of  additional  DNA  methylation  changes  regard¬ 
less  of  how  they  became  post-stasis  or  immortal.  These  results  sug¬ 
gest  that  DNA  methylation  changes  may  be  necessary  to  achieve 
immortality.  The  role  of  epigenetic  control  in  telomerase  reactiva¬ 
tion  remains  controversial  and  incompletely  understood  (43,  44). 
To  address  the  potential  role  of  DNA  methylation  in  the  control 
of  hTERT  in  this  HMEC  model  system,  future  studies  will  perform 
high-resolution  epigenetic  analyses  of  the  hTERT  region.  It  is  also 
possible  that  critical  epigenetic  changes  within  the  multitude  of 
genes  affected  during  the  transition  to  immortality  are  important 
and  participate  in  telomerase  reactivation. 

Taken  together,  these  results  indicate  that  epigenetic  alterations 
in  DNA  methylation  found  in  breast  cancer  cells  in  vivo  may  arise 
during  the  earliest  stages  of  HMEC  transformation,  prior  to  and 
coincident  with  attainment  of  immortality.  Thus,  full  understanding 
of  the  timing  and  nature  of  epigenetic  alterations  in  early  breast  car¬ 
cinogenesis  wifi  require  examination  of  cells  before  attaining  im¬ 
mortality.  Although  nonmalignant  immortalized  lines  such  as 
184A1, 184B5,  and  MCF10A  can  be  useful  starting  points  for  studying 
epigenetic  events  involved  in  the  progression  to  invasive  malignan¬ 
cy,  they  already  possess  many  of  the  epigenetic  aberrations  found  in 
breast  cancers.  Similarly,  the  post-selection  HMEC,  although  finite, 
also  possess  many  epigenetic  changes  found  in  breast  cancer  cells. 
This  finding  is  of  particular  note  because  post-selection  HMEC  are 
sold  commercially  as  normal  primary  cells. 

Overall,  these  results  support  an  epigenetic  progenitor  model 
whereby  genome-wide  DNA  methylation  changes  occur  early,  in  a 
stepwise  fashion,  may  precede  genetic  mutations  and  allow  for  an 
inappropriate  proliferation  and  expansion  of  epigenetically  com¬ 
prised  progenitor  cells  (45).  The  large  number  of  genes  affected  by 
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Figure  4.  Detailed  analysis  of  DNA  methylation  levels  of  selected  post-stasis  HM EC-specific  differentially  methylated  regions  by  matrix-assisted  laser  desorption/ 
ionization-time-of-flight.  Rows,  gene  promoters  analyzed;  columns,  each  sample  analyzed;  pie  charts,  methylation  status  of  each  gene  promoter  for  each  HMEC  sample 
(passage  number  is  in  parenthesis);  black  region,  average  percent  methylation  of  the  entire  region.  Percent  methylation  of  individual  CpG  sites  is  provided  in 
Supplementary  Fig.  S6. 
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aberrant  DNA  methylation  provides  a  foundation  for  phenotypic  var¬ 
iability  in  cells  that  transform  to  immortality  and  malignancy  and 
may  be  an  important  force  that  drives  the  significant  biological  het¬ 
erogeneity  seen  in  the  clinical  disease.  The  DNA  methylation  changes 
identified  in  this  HMEC  model  system  can  potentially  provide  a  bank 
of  epigenetic  biomarkers  for  assessing  breast  cancer  risk  in  prema- 
lignant  lesions  and  provide  targets  for  therapeutic  interventions. 
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Abstract 

Background:Jhe  microRNA-200  family  participates  in  the  maintenance  of  an  epithelial  phenotype  and  loss  of  its  expression 
can  result  in  epithelial  to  mesenchymal  transition  (EMT).  Furthermore,  the  loss  of  expression  of  miR-200  family  members  is 
linked  to  an  aggressive  cancer  phenotype.  Regulation  of  the  miR-200  family  expression  in  normal  and  cancer  cells  is  not  fully 
understood. 

Methodology/Principal  Findings:  Epigenetic  mechanisms  participate  in  the  control  of  miR-200c  and  miR-141  expression  in 
both  normal  and  cancer  cells.  A  CpG  island  near  the  predicted  mir-200c/mir-141  transcription  start  site  shows  a  striking 
correlation  between  miR-200c  and  miR-141  expression  and  DNA  methylation  in  both  normal  and  cancer  cells,  as  determined 
by  MassARRAY  technology.  The  CpG  island  is  unmethylated  in  human  miR-200/miR-141  expressing  epithelial  cells  and  in 
miR-200c/miR-141  positive  tumor  cells.  The  CpG  island  is  heavily  methylated  in  human  miR-200c/miR-141  negative 
fibroblasts  and  miR-200c/miR-141  negative  tumor  cells.  Mouse  cells  show  a  similar  inverse  correlation  between  DNA 
methylation  and  miR-200c  expression.  Enrichment  of  permissive  histone  modifications,  H3  acetylation  and  H3K4 
trimethylation,  is  seen  in  normal  miR-200c/miR-1 41  -positive  epithelial  cells,  as  determined  by  chromatin  immunoprecip- 
itation  coupled  to  real-time  PCR.  In  contrast,  repressive  H3K9  dimethylation  marks  are  present  in  normal  miR-200c/miR-141- 
negative  fibroblasts  and  miR-200c/miR-141  negative  cancer  cells  and  the  permissive  histone  modifications  are  absent.  The 
epigenetic  modifier  drug,  5-aza-2'-deoxycytidine,  reactivates  miR-200c/miR-141  expression  showing  that  epigenetic 
mechanisms  play  a  functional  role  in  their  transcriptional  control. 

Conclusions/Significance:  We  report  that  DNA  methylation  plays  a  role  in  the  normal  cell  type-specific  expression  of  miR- 
200c  and  miR-141  and  this  role  appears  evolutionarily  conserved,  since  similar  results  were  obtained  in  mouse.  Aberrant 
DNA  methylation  of  the  miR-200c/141  CpG  island  is  closely  linked  to  their  inappropriate  silencing  in  cancer  cells.  Since  the 
miR-200c  cluster  plays  a  significant  role  in  EMT,  our  results  suggest  an  important  role  for  DNA  methylation  in  the  control  of 
phenotypic  conversions  in  normal  cells. 
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Introduction 

miRNAs  are  single-stranded,  20-24  nt  long  RNAs  that  regulate 
gene  expression  at  the  posttranscriptional  level.  miRNAs  fre¬ 
quently  target  3'  UTRs  of  mRNA,  and  since  miRNA  target  motifs 
do  not  require  complete  homology,  hundreds  of  mRNA  targets 
may  exist  for  each  miRNA.  Current  estimates  are  that  there  are 
nearly  900  unique  miRNAs  encoded  in  the  human  genome,  and 
these  miRNAs  control,  in  part,  the  expression  of  more  than  one 
third  of  human  genes  [1].  A  number  of  miRNA  dysregulated  in 
human  cancer  have  been  shown  to  have  oncogenic  or  tumor 
suppressive  activity  [2,3,4].  These  include  miRNA  species  that 
show  cell  type  specific  patterns  of  expression,  some  of  which  are 


important  in  the  maintenance  of  cell  identity  [5,6].  These  types  of 
miRNA  are  prime  targets  for  epigenetic  control,  and  early  studies 
of  miRNA  control  support  this  possibility  [7,8]. 

miR-200c  and  miR-141  are  members  of  the  miR-200  family 
and  are  important  regulators  of  the  epithelial  to  mesenchymal 
transition  (EMT)  [5,9,10,1 1].  In  addition  to  the  role  of  miR-200c 
and  miR-141  in  the  phenotypic  conversion  of  normal  cells, 
dysregulation  of  normal  patterns  of  miR-200c  expression  occurs  in 
multiple  types  of  cancer  cells  and  is  linked  to  tumor  progression 
[2,6,12,13,14,15].  The  mechanism  responsible  for  the  control  of 
miR-200c  expression  in  both  normal  and  cancer  cells  is  not  fully 
understood.  In  this  study,  we  show  that  the  epigenetic  state  is 
closely  linked  to  normal  cell  type  specific  expression  of  miR-200c 
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and  miR-141,  and  this  epigenetic  state  is  dysregulated  in 
carcinoma  cells,  where  loss  of  miR200c/141  expression  is  linked 
to  aberrant  DNA  methylation  and  histone  modifications.  Finally, 
we  found  that  the  miR-200c  regulation  by  DNA  methylation  is 
evolutionarily  conserved  between  humans  and  mice.  Since  miR- 
200c  plays  a  significant  role  in  EMT,  our  results  suggest  that  DNA 
methylation  plays  an  important  role  in  the  control  of  phenotypic 
conversions  of  normal  and  cancer  cells. 

Results  and  Discussion 

The  miR-200  family  is  comprised  of  five  miRNAs  that  are 
encoded  within  two  clusters.  Each  cluster  encodes  a  polycistronic 
gene.  One  cluster  resides  on  human  chromosome  1  and  encodes 
miR-200b,  miR-200a,  and  miR-429,  while  the  other  cluster  is 
located  on  human  chromosome  12,  and  encodes  miR-200c  and 
miR-141.  Our  small  RNA  library  sequencing  data  (Figure  1A) 
show  that  the  miR-200  family  is  highly  expressed  in  cultured 
normal  human  mammary  epithelial  cells  (HMEG)  derived  from 
three  different  individuals,  whereas  the  isogenic  human  mammary 
fibroblast  cells  (FB)  lack  miR-200  family  expression  (Figure  1A).  It 
is  apparent  from  the  small  RNA  library  sequencing  data 
(Figure  1A)  that  the  most  highly  expressed  members  of  the  miR- 
200  family  in  HMEG  are  miR-200c  and  miR-141.  We 
corroborated  the  expression  of  miR-200c  and  miR-141  in  the 
same  set  of  normal  mammary  samples  by  real-time  PCR,  and  then 
expanded  these  results  to  pairs  of  epithelial  cells  and  fibroblasts 
from  prostate  and  skin,  as  well  (Figure  IB;  Figure  SI).  In  all  cases, 
miR-200c  and  miR-141  were  highly  expressed  in  epithelial  cells, 
but  were  not  expressed  in  fibroblasts. 

The  mir-200c  hairpin  coding  sequence  and  approximately 
300  bp  of  upstream  genomic  sequence  is  CpG  rich.  According  to 
our  calculations  using  the  program  GpG  Cluster  [16]  this  region  is 
a  highly  statistically  significant  CpG  cluster  (Figure  2A).  This  CpG 
cluster  (length  334  bp,  GC%  68.56,  O/E  ratio  0.58,  21CpGs,  p- 
value  8.44 xlO-11)  has  the  characteristics  close  to  a  GpG  island 


definition  based  on  size,  GC  content  and  CpG  dinucleotide 
frequency  [17],  as  well  as  its  location  with  respect  to  the 
transcriptional  unit  [18].  In  addition,  this  region  is  considered  a 
GpG  island  based  on  a  recently  published  probabilistic  definition 
[19].  We  analyzed  this  region  as  a  possible  target  of  epigenetic 
control. 

The  epigenetic  state  of  the  miR-200c/141  CpG  island  shows 
clear  and  extensive  cell  type  specific  differences  between  normal 
miR-200c/ 141 -positive  and  miR-200c/ 141 -negative  cells.  We 
used  MassARRAY  technology  to  analyze  the  DNA  methylation 
state  of  the  mir-200c  cluster  GpG  island  (Figure  2B).  Results  show 
that  the  CpG  sites  are  unmethylated  in  three  separate  strains  of 
miR-200c/miR- 141 -positive  HMEG.  In  contrast,  all  the  GpG  sites 
are  highly  methylated  in  the  isogenic  miR-200c/miR- 141 -negative 
fibroblast  strains.  The  inverse  correlation  between  miRNA 
expression  and  DNA  methylation  extends  to  other  miR-200c/ 
miR-141 -positive/negative  pairs  of  normal  cells,  such  as  prostate 
epithelial  cells  and  skin  keratinocytes,  and  their  mesenchymal  cell 
type  counterparts,  prostate  and  skin  fibroblasts.  Thus,  the  miR- 
200c  cluster  CpG  island  is  unmethylated  in  normal  miR-200c/ 
miR-141 -positive  epithelial  cells,  while  being  densely  methylated 
in  the  paired  normal  miR-200c/miR- 141  -negative  fibroblasts 
(Figure  IB,  Figure  2B,  Figure  S2). 

miR-200c  and  miR-141  expression  is  lost  in  different  types  of 
cancer  cells  [5,1 1,20,21],  and  we  sought  to  determine  if  this  loss  of 
expression  was  linked  to  epigenetic  changes  in  the  miR-200c/ 
miR-141  CpG  island.  We  analyzed  1 1  breast  cancer  cell  lines,  and 
in  each  case,  miR-200c  and  miR-141  expression  was  closely  linked 
to  the  DNA  methylation  state  of  the  GpG  island  (Figure  3A;  Figure 
S3).  Seven  of  the  breast  cancer  cell  lines  tested  express  miR-200c 
and  miR-141  and  each  has  an  unmethylated  mir-200c  GpG 
island.  The  other  four  breast  cancer  cell  lines  tested  do  not  express 
miR-200c  and  miR-141  and  exhibit  a  densely  methylated  mir- 
200c  CpG  island.  A  similar  picture  emerges  with  respect  to 
prostate  cancer  cells.  We  show  two  prostate  cancer  cell  lines  (PC 3 
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Figure  1.  miR-200c  is  expressed  in  an  epithelial  selective  fashion.  A.  miR-200  family  expression  according  to  massive  parallel  sequencing  of 
small  RNA  libraries  from  a  set  of  three  isogenic  pairs  of  human  mammary  epithelial  cells  (HMEC)  and  fibroblasts  (FB).  The  expression  of  the  mir-200b- 
200a-429  cluster  located  on  human  chromosome  1,  and  the  expression  of  the  mir-200c-141  cluster  located  on  human  chromosome  12  are  shown. 
With  the  average  of  63,829  counts  out  of  3,926,984  per  library  in  HMEC,  miR-200c  forms  1.625%  of  all  small  RNAs  in  these  cells.  B.  Real-time  PCR 
assessment  of  miR-200c  expression  in  normal  cell  types.  The  left  panel  shows  the  expression  of  miR-200c  in  the  same  samples  as  panel  A.  The  right 
panel  shows  the  expression  of  miR-200c  in  human  prostate  epithelial  cells  (PREC),  prostate  stromal  fibroblasts  (PSF),  human  skin  keratinocytes 
(Kcytes)  and  skin  fibroblasts  (HFF).  The  data  are  normalized  relative  to  let-7a,  which  is  expressed  at  equivalent  levels  between  different  samples 
according  to  the  small  RNA  sequencing  data.  Real  time  PCR  analysis  of  miR-141  expression  in  these  samples  is  provided  in  Figure  SI. 
doi:1 0.1 371/journal.pone.0008697.g001 
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Figure  2.  The  mir-200c  CpG  island  shows  differential  cytosine  methylation  between  miR-200c-positive  and  miR-200c-negative 
normal  human  tissues.  A.  A  diagram  of  the  genomic  region  of  hsa-mir-200c.  The  top  bar  shows  the  specific  fragments  analyzed  by  MassARRAY. 
The  red  fragments  named  with  CpG  sites  indicate  the  fragments  from  which  DNA  methylation  data  was  obtained.  This  data  is  presented  panel  B. 
Below  this  is  the  region  analyzed  by  MassARRAY  in  relation  to  the  genomic  location  (in  blue),  followed  by  the  region  of  the  real-time  PCR  amplicon 
for  chromatin  immunoprecipitation  analysis  (ChIP),  and  the  CpG  island  identified  by  the  program  CpGcluster.  The  regions  encoding  the  mir-200c  and 
mir-141  hairpins  and  the  putative  transcription  start  (TSS)  region  inferred  from  the  human  EST  track  of  the  UCSC  genome  browser  are  displayed,  and 
each  circle  on  this  track  represents  the  position  of  a  CpG  dinucleotide.  The  ruler  at  the  bottom  shows  the  location  on  human  chromosome  12 
according  to  human  genome  assembly  hg  1 8.  B.  Summary  of  5-methylcytosine  levels  obtained  by  MassARRAY  analysis  of  the  hsa-mir-200c  CpG  island 
in  samples  characterized  in  Figure  IB.  The  y-axis  shows  the  percent  of  cytosine  methylation  within  the  individual  CpG  units  marked  on  x-axis.  The 
CpG  units  within  the  MassARRAY  amplicon  are  numbered  in  the  reverse  direction,  with  CpG  2  being  located  within  the  miR-200c  coding  sequence. 
doi:1 0.1 371  /journal,  pone.0008697.g002 


and  PC 3  Bl)  where  loss  of  miR-200c  and  miR-141  expression  is 
linked  with  aberrant  DNA  methylation  of  the  mir-200c/141  CpG 
island  (Figure  3B;  Figure  S3),  and  two  prostate  cancer  cell  lines 
(LNCaP  and  DU  145)  that  retain  miR-200c/miR-141  expression 
and  an  unmethylated  mir-200c/141  CpG  island.  Together  these 
results  indicate  that  cancer  cells  derived  from  normal  miR-200c/ 
miR- 141 -positive  epithelial  cells  can  replicate  the  cell  type-specific 
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DNA  methylation  pattern  of  the  miR-200c/141  CpG  island  seen 
in  normal  miR-200c/miR- 141 -negative  cells,  and  that  the 
aberrant  DNA  methylation  of  the  miR200c/141  CpG  island  in 
these  cancer  cells  is  associated  with  its  transcriptional  silencing  in 
carcinoma  cells. 

To  demonstrate  the  functional  significance  of  the  epigenetic 
state  of  the  miR-200c/mir-141  CpG  island  in  cancer  cells,  we 
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Figure  3.  DNA  methylation  of  mir-200c  CpG  island  in  breast 
and  prostate  cancer  cell  lines.  A.  miR-200c  expression  and  mir-200c 
CpG  island  methylation  in  eleven  breast  cancer  cell  lines.  B.  miR-200c 
expression  and  mir-200c  CpG  island  methylation  in  four  prostate  cancer 
cell  lines.  The  top  panel  of  each  figure  shows  the  expression  of  miR- 
200c  in  cancer  samples  as  detected  by  real-time  PCR,  normalized  to  let- 
7a.  The  bottom  panel  shows  the  methylation  level  of  the  mir-200c  CpG 
island  region  in  the  same  cancer  samples.  The  level  of  methylation  of 
individual  CpG  units  within  the  MassARRAY  amplicon  is  displayed  as  a 
heatmap  with  the  lowest  methylation  in  yellow  and  the  highest 
methylation  in  blue.  The  y-axis  marks  the  individual  CpG  units. 
doi:1 0.1 371  /journal,  pone.0008697.g003 


exposed  cancer  cells  to  the  epigenetic  modifier  and  DNA 
methyltransferase  inhibitor  5-aza-2'-deoxycytidine  (5-AdC).  The 
miR-200c/miR- 14 1 -negative  breast  cancer  cell  lines  MDA-MB- 
231  and  BT549  and  prostate  cancer  cell  line  PC 3  were  treated 
with  3  pM  5-AdC  for  96  h  and  miR-200c/141  expression  was 
assessed  by  real-time  PGR.  Figure  4  shows  5-AdC  reactivated 
miR-200c  expression  in  all  three  cancer  cell  lines.  The  level  of 
miR-200c  increased  4.3-fold  in  MDA-MB-231  (p-value  =  0.0004), 
6.4-fold  in  BT549  (p-value  =  0.0107)  and  4.2-fold  in  PG3  cells  (p- 
value  =  0.0072).  A  similar  reactivation  of  miR-141  expression  (p- 
value<0.01)  was  also  observed  in  these  cancer  cell  lines  after  5- 
AdC  treatment  (Figure  S4).  These  data  suggest  that  epigenetic 
mechanisms  participate  in  the  inappropriate  repression  of  miR- 
200c/miR-141  expression  in  cancer  cells. 

The  histone  modification  state  of  the  mir-200c  cluster  CpG 
island  also  shows  cell  type-specific  differences  that  are  closely 
linked  to  the  expression  state  of  miR-200c/141  in  normal  and 
cancer  cells.  Figure  5  shows  the  results  of  chromatin  immunopre- 
cipitations  coupled  to  quantitative  real-time  PCR  analysis  that 
were  used  to  examine  the  histone  modification  state  of  the  miR- 
200c/ 141  GpG  island  in  normal  and  cancer  cells.  The  GpG  island 


MB-231  BT549  PC3 


Figure  4.  5-aza-2'-deoxycytidine  treatment  reactivates  miR- 
200c  expression  in  breast  and  prostate  cancer  cell  lines.  Cells 
were  treated  with  3  gM  5-aza-2'-deoxycytidine  for  96  h.  The  level  of 
expression  of  miR-200c  was  measured  by  real-time  PCR.  The  average  of 
4  independent  samples  is  displayed,  the  error  bars  show  the  standard 
error  of  measurement.  The  values  were  normalized  to  untreated 
controls  (100%).  Figure  S4  shows  the  5-aza-2'-deoxycytidine-mediated 
reactivation  of  miR-141  in  the  same  samples. 
doi:1 0.1 371  /journal,  pone.0008697.g004 


of  mir-200c/141  in  the  three  different  strains  of  miR-200c/miR- 
141-positive  HMEG  exists  in  a  transcriptionally  competent  state;  it 
is  enriched  for  the  transcriptionally  permissive  modifications  of 
histone  H3  acetylation  (FI 3 Ac)  and  lysine  4  trimethylation 
(H3TriMeK4),  while  the  transcriptionally  repressive  histone  mark 
of  histone  H3  lysine  9  dimethylation  (H3DiMeK9)  is  underrep¬ 
resented  (Figure  5).  In  contrast,  in  the  isogenic  miR-200c/miR- 
141 -negative  mammary  fibroblasts  permissive  histone  modifica¬ 
tions  are  absent,  and  the  repressive  H3  lysine  9  dimethylation 
mark  is  present  (Figure  5).  Similarly,  the  breast  cancer  cell  lines 


Figure  5.  The  histone  modification  state  of  the  mir-200c  CpG 
island.  Permissive  histone  marks  represented  by  acetylation  of  histone 
H3  (H3Ac)  and  trimethylation  of  lysine  4  of  histone  H3  (H3TriMeK4)  as 
well  as  the  repressive  histone  mark  dimethylation  of  lysine  9  of  histone 
H3  (H3diMeK9)  were  analyzed  using  chromatin  immunoprecipitation 
coupled  to  real-time  PCR  of  the  region  described  in  Figure  2A.  FIMEC 
samples  are  shown  in  green,  isogenic  FB  samples  are  shown  in  red,  and 
two  miR-200-negative  breast  cancer  cell  lines  are  in  blue.  The  y-axis 
shows  fold  enrichment  of  each  histone  mark  over  input  DNA  within  the 
mir-200c  CpG  island. 
doi:1 0.1 371/journal. pone.0008697.g005 
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that  had  lost  miR-200c/141  expression  lost  histone  H3  acetylation 
and  K4  trimethylation  and  acquired  a  repressive  histone  state, 
enriched  for  the  H3  lysine  9  dimethylation  mark  (Figure  5).  No 
enrichment  of  trimethylation  of  histone  H3  lysine  27  was  detected 
in  the  miR-200c/141  CpG  island  in  the  samples  analyzed  (Figure 
S5).  Taken  together,  the  results  from  the  analyses  of  miR-200c/ 
141  expression,  DNA  methylation,  and  histone  modification  states 
across  a  variety  of  normal  and  cancer  cell  types  demonstrate  a 
close  link  between  the  expression  of  mir-200c/141  and  the 
epigenetic  state  of  their  associated  CpG  island. 

Finally,  we  sought  to  determine  if  the  epigenetic  regulation  of 
miR-200c  expression  in  normal  cells  is  conserved  evolutionarily, 
reasoning  that  DNA  methylationdinked  control  of  miR-200c 
expression  across  mammalian  species  would  provide  further 
experimental  support  for  epigenetic  control  of  cell-type  specific 
expression  of  miR-200c.  The  whole  genomic  cluster  containing 
mir-200c  and  mir-141  is  well  conserved  between  the  human  and 
mouse  genome.  Similar  to  the  human  mir-200c/141  genomic 
region,  the  mouse  mir-200c/141  genomic  region  also  contains  a 
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Figure  6.  Epigenetic  control  of  miR-200c  expression  is  evolu¬ 
tionarily  conserved.  A.  Diagram  of  the  mouse  mmu-mir-200c 
genomic  interval.  The  top  bar  shows  the  area  analyzed  by  MassARRAY. 
The  regions  encoding  the  hairpins  of  mir-200c  and  mir-141  and  the 
putative  transcription  start  (TSS)  inferred  from  the  mouse  EST  track 
displayed  on  the  UCSC  genome  browser  are  shown,  and  each  circle  on 
this  track  represents  the  location  of  a  CpG  dinucleotide.  Similar  to  the 
human  hsa-mir-200c,  the  mouse  mmu-mir-200c  contains  a  CpG  island, 
identified  by  the  program  CpG  Cluster.  The  ruler  at  the  bottom  shows 
the  location  on  mouse  chromosome  6  according  to  genome  assembly 
mm9.  The  genes  are  encoded  on  the  (-)  strand.  B.  Mouse  cells  show  a 
similar  cell  type  specific  pattern  in  miR-200c  expression  to  human  cells 
and  this  expression  is  linked  to  the  DNA  methylation  state  of  the  CpG 
island.  The  left  panel  shows  the  expression  of  miR-200c  in  mouse 
epithelial  cells  (308,  6R90,  SKH-1  epidermis)  and  mouse  fibroblast  cell 
lines  (NIH  3T3,  NR6,  NIH  3T6)  as  detected  by  real-time  PCR.  The  right 
panel  shows  the  methylation  level  of  the  mir-200c  CpG  island  region  in 
the  same  mouse  samples.  The  level  of  methylation  of  individual  CpG 
units  within  the  MassARRAY  amplicon  is  displayed  as  a  heatmap  with 
the  lowest  methylation  in  yellow  and  the  highest  methylation  in  blue. 
The  x-axis  marks  the  individual  CpG  units.  CpG  units  within  MassARRAY 
amplicon  are  numbered  in  reverse  direction,  with  CpG  1  being  located 
within  the  miR-200c  coding  sequence. 
doi:1 0.1 371 /journal. pone.0008697.g006 


GpG  island  (Figure  6A;  length  325  bp,  GC%  66.77,  O/E  ratio 
0.58,  19  CpGs,  p-value  1.06x10  10).  To  evaluate  a  potential  role 
for  DNA  methylation  in  the  control  of  miR-200c/141  in  mice, 
GpG  methylation  and  miRNA  expression  were  analyzed  in  mouse 
epithelial  cells  (epidermis  of  SKH-1  mouse  and  keratinocyte  cell 
lines  308  and  6R90)  and  mouse  fibroblasts  (cell  lines  NIH  3T3, 
NIH  3T6,  and  NR6).  A  MassARRAY  amplicon  was  designed  to 
analyze  the  DNA  methylation  state  of  the  mouse  mir-200c/141 
region  homologous  to  that  analyzed  in  human  (Figure  6A). 
Strikingly  similar  results  for  miR-200c  were  found  between  the 
human  cells  and  mouse  cells.  Mouse  keratinocytes  expressed 
significant  levels  of  miR-200c,  while  the  mouse  fibroblasts  did  not 
express  detectable  levels  of  miR-200c  (Figure  6B).  DNA 
methylation  analysis  by  MassARRAY  revealed  that  the  miR- 
200c-positive  keratinocytes  showed  minimal  DNA  methylation  in 
the  mir-200c  CpG  island,  while  the  miR-200c-negative  mouse 
fibroblasts  showed  extensive  DNA  methylation  of  all  CpG  sites  in 
the  region  (Figure  6B).  The  significant  conservation  in  DNA 
sequence,  patterns  of  cell  type-specific  DNA  methylation,  and  the 
associated  miR-200c  expression  patterns  between  the  human  and 
mouse  genomes,  which  are  separated  by  75  million  years  of 
evolution  [22],  provides  evidence  that  epigenetic  mechanisms  play 
a  functional  role  in  the  control  of  miR-200c  expression. 

In  summary,  our  findings  provide  multiple  lines  of  evidence  that 
epigenetic  mechanisms  are  involved  in  the  regulation  of  miR- 
200c/ 141  expression  in  both  normal  and  cancer  cells.  First,  there 
is  a  consistent  inverse  correlation  between  expression  and  DNA 
methylation  states  in  normal  human  and  mouse  cell  types,  as  well 
as  human  breast  and  prostate  cancer  cell  lines.  Second,  different 
histone  codes  exist  between  miR-200c/141  expressing  and  non¬ 
expressing  cells  that  accurately  mirror  the  expression  and  DNA 
methylation  states.  Third,  the  epigenetic  modifier  5-aza-2'- 
deoxycytidine  relieves  the  repression  of  miR-200c/miR-141  in 
cancer  cell  lines.  Fourth,  the  link  between  DNA  methylation  and 
expression  states  occurs  across  mammalian  species,  since  it  is  seen 
in  human  and  mouse.  Taken  together,  these  findings  indicate  that 
miR-200c/141  is  an  evolutionarily  conserved  epigenetically  labile 
miRNA  cluster. 

Dysregulation  of  miR-200c  and  miR-141  occurs  in  multiple 
cancer  types  [5,11,20,21,23,24,25,26],  and  this  dysregulation 
involves  a  compromise  of  the  epigenetic  state  of  the  CpG  island 
associated  with  miR-200c  and  miR141.  Results  suggest  that  these 
carcinoma  cells  may  co-opt  de  novo  DNA  methylation  pathways 
involved  in  the  epigenetic  control  of  normal  cell  type-specific 
genes,  such  as  those  that  govern  the  epigenetic  state  of  miR-200c/ 
miR-141.  A  similar  apparent  co-option  of  cell  type  specific  DNA 
methylation  pathways  by  cancer  cells  is  also  seen  in  protein-coding 
genes,  such  as  maspin  and  14-3-3  sigma  [27,28].  Together  these 
results  suggest  that  pathways  responsible  for  the  establishment  or 
maintenance  of  normal  cell  type-specific  DNA  methylation  states 
may  be  disrupted  during  carcinogenesis. 

Since  miR-200c  and  miR141  play  an  important  role  in  EMT 
and  therefore  cell  identity,  disruption  of  mechanisms  that  govern 
cell  type  specific  DNA  methylation  patterns  during  carcinogenesis 
could  likely  effect  expression  of  miR-200c  and  miR141  and 
provide  phenotypic  plasticity  to  cancer  cells.  Support  of  this 
possibility  comes  from  the  phenotypes  of  the  cancer  cells  analyzed 
in  this  study.  All  four  of  the  breast  cancer  cell  lines  that  lost 
miR-200c  and  miR-141  expression  have  an  aberrantly  methylated 
mir-200c/141  GpG  island,  and  each  of  these  cell  lines  displays  a 
mesenchymal  phenotype  [11,29].  In  contrast,  those  breast  cancer 
cell  lines  that  express  miR-200c  and  miR-141  and  have  an 
unmethylated  GpG  island  display  an  epithelial  phenotype  [1 1,29]. 
A  similar  picture  emerges  in  the  prostate  cancer  cell  lines.  The 
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PC  3  cells  that  have  lost  miR-200c  and  miR-141  expression, 
display  an  aberrantly  methylated  CpG  island  and  a  mesenchymal 
phenotype,  whereas  LnCaP  and  Du  145  retain  miR-200c  and 
miR-141  expression  and  an  epithelial  phenotype  [11,30].  These 
results  suggest  that  DNA  methylation  may  control  the  phenotypic 
changes  observed  in  cancer  cells. 

Materials  and  Methods 

Cell  lines  and  cell  culture 

Finite  lifespan  pre-stasis  HMEC  from  specimens  184  (batch  D), 
48R  (batch  T),  and  240L  (batch  B),  were  derived  from  reduction 
mammoplasty  tissue  of  women  aged  21,  16,  and  19  respectively. 
Cells  were  initiated  as  organoids  in  primary  culture  in  serum- 
containing  M85  medium  supplemented  with  oxytocin  (Bachem)  at 
0.1  nM,  and  maintained  in  M87A  medium  supplemented  with 
oxytocin  and  cholera  toxin  at  0.5  ng/ml  [31].  Fibroblasts  from 
specimens  184,  48,  and  240  L  were  obtained  from  the  same 
reduction  mammoplasty  tissue  and  were  grown  in  DMEM/F12 
with  10%  FBS  and  10  jig/ml  insulin  [31]  and  further  propagated 
in  DMEM/F12  with  10%  FBS.  Prostate  epithelial  cells  were 
obtained  from  Clonetics  (San  Diego,  CA),  and  fetal  skin 
keratinocytes  from  Cell  Applications  (San  Diego,  CA.)  and  were 
grown  according  to  the  suppliers  instructions.  Human  foreskin 
fibroblasts  (HFFs)  were  maintained  and  cultured  by  the  Arizona 
Cancer  Center  Cell  Culture  Shared  Service.  Human  prostate 
stromal  fibroblasts  (PSF)  were  were  cultured  as  previously 
described  [32].  Breast  cancer  cell  lines  BT549,  HS578T,  MCF7, 
MDA-MB-157,  MDA-MB-231,  MDA-MB-453,  MDA-MB-468, 
UACC893,  UACC1179,  UACC2087,  and  UACC3199  were 
cultured  as  previously  described  [33,34].  Prostate  cancer  cell  lines 
PC 3,  PC 3  Bl,  LNCaP,  and  DU  145  [35,36,37]  were  maintained  in 
RPMI  1640  medium  containing  10%  fetal  bovine  serum 
supplemented  with  100  units/ml  penicillin  and  50  jlg/ml  strepto¬ 
mycin.  Mouse  keratinocyte  cell  lines  308  and  6R90  were  cultured 
as  described  [38],  mouse  fibroblast  cell  lines  NIH  3T3,  NIH  3T6 
and  NR6  [39,40,41]  were  maintained  in  DMEM  medium 
containing  10%  fetal  bovine  serum.  SKH-1  mouse  epidermis 
samples  were  removed  from  liquid  nitrogen  snap  frozen  dorsal 
skin  by  scraping  on  dry  ice. 

miRNA  library  preparation,  sequencing  and  analysis 

Total  RNA  was  extracted  using  Trizol.  The  small  RNA  fraction 
was  purified  on  a  15%  polyacrylamide -urea  gel.  A  preadenylated 
adaptor  was  ligated  to  the  3'  end  of  the  small  RNA  followed  by 
purification  of  the  ligation  product  on  a  15%  PAA-urea  gel.  An 
Illumina  specific  5'  adaptor  was  ligated  and  the  product  was 
purified  on  a  10%  PAA-urea  gel.  Small  RNA  with  ligated  adaptors 
was  reverse  transcribed  into  DNA  using  a  RT  primer  with 
Illumina  specific  extension.  cDNA  was  then  PCR  amplified  using 
Illumina  specific  primers  and  the  PCR  product  was  purified  on  a 
3  %  agarose  gel.  Small  RNA  libraries  were  submitted  for  Illumina 
sequencing  to  NCGR  (Santa  Fe,  NM).  Reads  from  Illumina  GAII 
were  mapped  to  the  hgl8  human  genome  assembly  using  program 
Novoalign  (www.novocraft.com).  Output  from  Novoalign  was 
further  analyzed  in  R  (http://www.r-project.org).  The  counts  of 
individual  miRNAs  were  normalized  for  average  library  size 
(3,926,984  counts). 

Nucleic  acid  isolation 

RNA  was  isolated  using  either  Trizol  (Invitrogen)  or  the  RNeasy 
Mini  kit  (Qiagen)  and  quantified  by  absorption  measurements  at 
260  nm.  Genomic  DNA  was  isolated  using  the  DNeasy  Blood  and 
Tissue  Kit  (Qiagen)  and  quantified  spectrophotometrically. 
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Real-time  PCR  detection  of  miRNA 

Real-time  PCR  detection  of  microRNAs  was  performed  in 
principle  as  described  [42].  Reverse  transcription  was  performed 
using  TaqMan  Reverse  Transcription  Reagents  (Applied  Biosys¬ 
tems,  Foster  City,  CA,  USA).  Real-time  PCR  was  conducted  on 
an  ABI  Prism  7500  Sequence  Detection  System  (Applied 
Biosystems,  Foster  City,  CA,  USA)  using  PerfeCta  SYBR  Green 
SuperMix,  Low  ROX  (Quanta  Biosciences,  Gaithersburg,  MD, 
USA)  with  a  95 °C  denaturation  for  3  minutes  followed  by  40 
cycles  of  95°C  for  15  seconds  and  60°C  for  45  seconds.  Differences 
in  expression  were  determined  using  the  comparative  Ct  method 
described  in  the  ABI  user  manual  relative  to  let-7a.  Primer 
sequences  are  listed  in  Table  SI. 

CpG  island  prediction 

CpG  islands  were  predicted  using  the  program  CpGcluster  [16]. 
This  program  uses  a  statistical  approach  to  search  for  regions  with 
significant  enrichment  of  CpG  dinucleotides  rather  than  param¬ 
eters  within  a  sliding  window.  We  set  the  threshold  to  50  (median 
distance)  and  p-value  cut  to  10  8. 

DNA  methylation  analysis  by  MassARRAY 

DNA  methylation  analysis  by  MassARRAY  was  performed  as 
described  [43].  Primer  sequences  are  listed  in  Table  SI. 

5-aza-2'-deoxycytidine  treatment 

Cells  were  treated  with  3  pM  5-aza-2'-deoxycytidine  (Sigma,  St 
Louis,  MO,  USA)  for  96  h,  as  previously  described  [44]. 

Chromatin  immunoprecipitation 

Chromatin  immoprecipitation  (ChIP)  analysis  was  performed  as 
described  previously  [33,45,46]  with  antibodies  against  acetylated 
histone  H3  (#06-599,  Millipore),  trimethylated  histone  H3  K4 
(#05-745,  Upstate),  dimethylated  histone  H3  K9  (CS200587, 
Millipore),  and  trimethylated  histone  H3  K27  (#07-449,  Milli¬ 
pore).  Equal  amounts  (1  ng)  of  ChIP  and  input  DNA  were  used  for 
real-time  PCR  analysis.  Primers  were  designed  for  use  with  the 
Human  Universal  Probe  Library  Set  (Roche  Diagnostics, 
Indianapolis,  IN,  USA).  Real-time  PCR  was  conducted  on  an 
ABI  Prism  7500  Sequence  Detection  System  (Applied  Biosystems, 
Foster  City,  CA,  USA)  using  PerfeCta  qPCR  SuperMix,  Low 
ROX  (Quanta  Biosciences,  Gaithersburg,  MD,  USA)  with  a  95°C 
denaturation  for  3  minutes  followed  by  40  cycles  of  95  °C  for  15 
seconds  and  60 °C  for  45  seconds.  Primer  sequences  are  listed  in 
Table  SI. 

Supporting  Information 

Figure  SI  Real-time  PCR  assessment  of  miR-141  expression  in 
normal  cell  types.  The  left  panel  shows  the  expression  of  miR-141 
in  three  isogenic  pairs  of  mammary  epithelial  cells  (HMEC)  and 
mammary  fibroblasts  (FB).  The  right  panel  shows  the  expression  of 
miR-141  in  human  prostate  epithelial  cells  (PREC),  prostate 
stromal  fibroblasts  (PSF),  human  skin  keratinocytes  (Kcytes)  and 
skin  fibroblasts  (HFF).  The  data  are  normalized  relative  to  let- 7 a, 
which  is  expressed  at  consistent  levels  between  different  samples 
according  to  the  small  RNA  sequencing  data. 

Found  at:  doi:10.1371/journal.pone. 0008697. sOOl  (0.13  MB  TIF) 

Figure  S2  DNA  methylation  of  the  mir-200c  CpG  island 
inversely  correlates  with  miR-200c  expression  in  normal  human 
samples.  This  figure  summarizes  data  shown  in  Figure  IB  and  2B. 
The  upper  panel  shows  the  expression  of  miR-200c  detected  by 
real-time  PCR.  The  bottom  panel  shows  the  methylation  level  of 
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mir-200c  CpG  island  region  in  the  same  human  samples.  The 
level  of  methylation  of  individual  CpG  units  within  the 
MassARRAY  amplicon  is  displayed  as  a  heatmap  with  the  lowest 
methylation  in  yellow  and  the  highest  methylation  in  blue.  The  y- 
axis  marks  the  individual  CpG  units. 

Found  at:  doi:  10.1 37 1/journal.pone. 0008697. s002  (0.19  MB  TIF) 

Figure  S3  Real-time  PCR  assessment  of  miR-141  expression  in 
breast  and  prostate  cancer  cell  lines.  The  left  panel  shows  the 
expression  of  miR-141  in  eleven  human  breast  cancer  cell  lines. 
The  right  panel  shows  the  expression  of  miR-141  in  four  human 
prostate  cancer  cell  lines. 

Found  at:  doi:  10. 137 1/journal.pone. 0008697. s003  (0.14  MB  TIF) 

Figure  S4  miR-141  expression  in  cancer  cell  lines  is  reactivated 
by  5-aza-2'-deoxycytidine  treatment.  Cells  were  treated  with 
3  pM  5-AdC  for  96  h.  The  level  of  expression  of  miR-141  was 
measured  by  real-time  PCR.  The  average  of  4  measurements  is 
displayed,  the  error  bars  show  the  standard  error  of  measurement. 
The  values  were  normalized  to  untreated  controls  (100%). 

Found  at:  doi:  10. 137 1/journal.pone. 0008697. s004  (0.06  MB  TIF) 

Figure  S5  Histone  H3  K27  trimethylation  state  of  the  mir-200c 
CpG  island.  Histone  H3  lysine  27  trimethylation  levels  of  the 
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SUMMARY 

In  a  genome-wide  siRNA  analysis  of  p16INK4a  (pi  6) 
modulators,  we  identify  the  Hedgehog  (Hh)  pathway 
component  SUFU  and  formally  demonstrate  that  Hh 
signaling  promotes  mitogenesis  by  suppression  of 
pi  6.  A  fragment  of  the  Hh-responsive  GLI2  transcrip¬ 
tion  factor  directly  binds  and  inhibits  the  p16  pro¬ 
moter  and  senescence  is  associated  with  the  loss 
of  nuclear  GLI2.  Hh  components  partially  reside  in 
the  primary  cilium  (PC),  and  the  small  fraction  of  cells 
in  mass  culture  that  elaborate  a  PC  have  the  lowest 
expression  of  pi  6.  Suppression  of  pi  6  is  effected 
by  both  PC-dependent  and  -independent  routes, 
and  ablation  of  pi  6  renders  cells  insensitive  to  an 
Hh  inhibitor  and  increases  PC  formation.  These 
results  directly  link  a  well-established  developmental 
mitogenic  pathway  with  a  key  tumor  suppressor  and 
contribute  to  the  molecular  understanding  of  replica¬ 
tive  senescence,  Hh-mediated  oncogenesis,  and 
potentially  the  role  of  pi  6  in  aging. 

INTRODUCTION 

The  mammalian  cell-division  cycle  is  primarily  regulated  at  the 
rate-limiting  G1  phase.  The  CYCLIN  D/CDK4  family  of  protein 
kinases  is  a  positive  effector  of  G1  transit  and  is  counteracted 
by  pi  6,  a  simple  ankyrin  repeat  protein  that  directly  binds  and 
inhibits  CDK4/6  (Serrano  et  al.,  1993).  pi  6  is  dispensable  for 
development  in  rodents  and  man,  but  becomes  progressively 
expressed  in  a  wide  variety  of  tissues  as  animals  age  and  is 
emerging  as  a  useful  marker  of  biological  age  (Tsygankov 
et  al.,  2009).  pi 6  inactivation  contributes,  as  an  early  step,  to 
an  extremely  wide  spectrum  of  human  cancers,  either  by  muta¬ 
tion  or  promoter  methylation  (Kim  and  Sharpless,  2006),  and  the 
gene  maps  to  a  complex  genetic  locus  (9p21 .3,  also  known  as 
INK4/ARF)  that  has  been  repeatedly  linked  in  genome-wide 
association  studies  to  other  prevalent  age-associated  diseases, 
including  coronary  heart  disease  and  type  2  diabetes  (Matheu 
et  al.,  2009).  pi  6  expression  is  associated  with  loss  of  prolifera¬ 
tive  capacity  in  vitro  and  in  animal  models  of  regeneration,  such 


as  the  rodent  immune  system  (Janzen  et  al.,  2006)  and  human 
kidney  transplantation  (Chkhotua  et  al.,  2003).  Alternatively, 
recovery  from  chemically  induced  pancreatic  (3-cell  damage 
(Krishnamurthy  et  al.,  2006)  and  reduced  (or  null)  pi 6  allows 
improved  postoperative  function. 

Although  p16  mRNA  (Wang  et  al.,  2005)  and  protein  (Chen 
et  al.,  2007)  are  unstable  and  therefore  subject  to  modulation, 
regulation  at  the  level  of  gene  expression  has  been  more  exten¬ 
sively  investigated,  pi 6,  together  with  the  closely  linked  Arf  and 
pi 5  genes,  are  inhibited  by  two  polycomb  repressive 
complexes,  the  components  of  which  include  BMI1,  CBX7, 
CBX8,  MEL-18,  EZH2,  and  SUZ12  (Gil  and  Peters,  2006).  Indi¬ 
vidual  transcription  factors  that  directly  control  pi  6  expression 
include  ETS1 ,  Id,  (3-CATENIN  (CTNNB1),  and  recently  ME OX2 
(GAX)  (Irelan  et  al.,  2009).  However,  with  the  exception  of 
ETS1 -mediated  pi 6  induction  by  the  RAS/RAF/MEK  cascade 
during  oncogenic  hyperstimulation  (resulting  in  oncogene- 
induced  senescence)  (Serrano  et  al.,  1997),  there  is  a  conspic¬ 
uous  lack  of  understanding  of  the  broader  physiological 
pathways  that  mediate  postnatal  derepression  of  pi  6. 

This  issue  is  exemplified  by  the  phenomenon  of  premature 
expression  of  pi  6  in  tissue  culture.  With  the  exception  of  embry¬ 
onic  stem  cells,  essentially  all  primary  mammalian  cells  undergo 
decay  of  proliferative  capacity  (replicative  senescence)  upon 
repeated  passage  (Hayflick,  1965).  In  the  great  majority  of 
isolates  that  have  not  undergone  spontaneous  genetic  changes 
in  vivo  or  in  vitro,  cell-cycle  arrest  is  mediated  by  powerful  pro¬ 
gressive  pi  6  induction,  the  physiological  inducer(s)  of  which 
are  essentially  unknown.  In  order  to  explore  this  issue  and  to 
develop  an  improved  understanding  of  the  repertoire  of  pi  6 
modulators,  we  have  undertaken  a  genome-wide  siRNA  screen 
in  normal  finite  lifespan  human  mammary  epithelial  cells 
(HMECs)  in  which  p16-mediated  senescence  is  well  established 
(Brenner  et  al.,  1998;  Garbe  et  al.,  2009). 


RESULTS 

Genome-wide  siRNA  Screen 

We  have  recently  developed  improved  media  for  the  culture  of 
finite  life-span  HMECs  (Garbe  et  al.,  2009)  that  supports  approx¬ 
imately  50  cell  doublings.  HMECs  cultured  under  these  condi¬ 
tions  are  estrogen  independent  (tamoxifen  resistant)  and  display 
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heterogeneous  expression  of  luminal  and  myoepithelial  lineage 
markers  (Garbe  et  al.,  2009). 

To  reconstruct  a  genome-wide  siRNA  screen  for  pi  6  modula¬ 
tors,  we  transfected  HMECs  at  passage  6  (P6)  in  384-well  plates 
with  30  nM  siRNA  targetingp  16,  CBX7{  an  inhibitor  of  pi  6  expres¬ 
sion)  (Gil  et  al.,  2004),  or  siGLO  (negative  control  targeting  Cyclo- 
philin  B  (PPIB);  see  Experimental  Procedures)  (Figure  IE).  High 
content  analysis  was  employed  to  quantitate  numerous  cellular 
features  (Figure  SI),  and  the  most  discriminatory  measures 
were  selected  for  hit  definition.  Based  on  the  frequency  distribu¬ 
tions  generated  for  each  of  these  phenotypic  criteria,  we  then 
assigned  semi-arbitrary  but  highly  stringent  cutoffs  for  scoring 
positive  hits  in  the  genome-wide  screen  (Figures  S2B-S2E, 
dashed  lines).  Using  this  approach,  we  found  that  reduced  cell 
number  (6.2  SD),  increased  cell  area  (1 0.2  SD),  and  an  increased 
percentage  of  p16+  cells  (6.1  SD)  best  discriminated  the  CBX7 
siRNA  phenotype  from  the  siGLO  negative  control  (Figures 
S2B-S2D,  gray  versus  green).  Increased  cell  number  (6.4  SD), 
reduced  cell  area  (4.8  SD),  and  reduced  nuclear  area  (6.2  SD) 
optimally  distinguished  p16  siRNA  from  siGLO  (Figures  S2B- 
S2E,  gray  versus  orange).  The  percentage  of  pi  6+  cells  was  natu¬ 
rally  reduced  following  p16  siRNA  transfection  and  was  always 
scored  (Figures  1 E  and  S2D),  but  for  large-scale  screening,  this 
parameter  was  not  as  discriminatory  as  nuclear  area  in  distin¬ 
guishing  pi 6  siRNA  from  siGLO  (Figures  S2D  versus  S2E). 

The  genome-wide  siRNA  screen  was  undertaken  under 
identical  conditions  (see  Experimental  Procedures  and  screen 
work  flow,  Figure  S2A).  A  total  of  22,010  genes  were  targeted 
by  a  pool  of  three  siRNAs  (30  nM;  referred  to  as  A-pools, 
supplied  by  Ambion),  assayed  once.  Those  A-pool  siRNAs  that 
caused  cell-cycle  arrest  (mimicking  CBX7  siRNA),  were  classi¬ 
fied  as  S  (p16-associated  senescence;  green  color  coding 
throughout).  siRNAs  that  rescued  growth  of  the  culture 
(mimicking p76  siRNA)  were  classified  as  R  (rescue;  orange  color 
coding  throughout).  We  added  a  further  designation,  SG  (super 
growers),  which  displayed  increased  cell  number  at  the  assigned 
cutoff  (6.4  SD),  without  fulfilling  all  other  criteria  (Figure  S2B). 
The  raw  screening  data  for  each  phenotypic  criterion  (Fig¬ 
ures  S2F-S2J)  together  with  numerical  outcomes  for  each  hit 
classification  (Figures  S2K-S2L)  are  shown. 

siRNA  screening  studies  are  hampered  by  false  negative,  false 
positive,  and  off-target  effects  (OTE)  (Jackson  et  al.,  2003).  To 
investigate  the  possibility  of  false  positives,  146  S,  162  R,  and 
selected  SG  candidates  from  the  primary  screen  that  passed 
visual  inspection  were  reassessed  in  triplicate  (Figures  S2K 
and  S2L,  left  panels).  In  the  secondary  screen,  62  of  the  original 
146  S  A-pool  siRNAs  rescored  at  the  previously  required  level  of 
stringency  for  all  three  phenotypic  criteria,  while  14  of  the 
original  39  R  hits  rescored  (~40%  rescoring  in  each  case; 
Figures  S2K-  and  S2L,  right  panels). 


To  illustrate  the  phenotype  conferred  by  each  siRNA,  the  same 
data  is  presented  as  heat  maps  (Figures  1 B-1 D,  A-pool).  The 
color  saturation  (S,  green  or  R,  orange)  reflects  the  number  of 
standard  deviations  of  each  of  the  A-pool  median  values  from 
the  median  of  the  siGLO  for  each  indicated  phenotypic  criterion 
(a  color  coded  Z-score;  Figure  1A).  Images  of  representative  S 
and  R  hits  are  shown  (Figure  1 E).  Broadly,  the  genes  identified 
in  this  analysis  are  classified  as  members  of  the  Wnt  pathway 
(WNT3A),  cadherins  and  related  proteins  (CDH13,  CDH22, 
PCDH21);  transcription  factors  and  other  epigenetic  regulators 
(ERH,  GTF2IRD1 ,  SH2BP1 ,  ZNF479,  ZNF11B,  ZNF622, 
H2AFZ,  MBD5);  mitotic  regulators  (MAD2L1 ,  MSF,  MOBKL1A); 
G-protein-coupled  receptors  (GPR24,  GPR147);  and  many  other 
categories  (Figures  IB  and  1C). 

Finally,  genes  of  no  known  biological  or  molecular  function 
that  displayed  the  fully  penetrant  S  or  R  phenotypes  after  retest¬ 
ing  in  triplicate  are  given  the  designation  SIF  (pi  6  Inhibitory 
Factor)  or  SAF  (pi  6  activating  factor),  respectively  (Figure  S3). 
This  nomenclature  is  based  purely  on  the  phenotype  observed 
and  makes  no  further  claim  as  to  the  nature  of  the  gene  function. 

To  address  the  issue  of  OTE,  we  designed  three  new  siRNAs 
for  each  S  and  R  hits  that  displayed  fully  penetrant  phenotype 
in  the  secondary  screen.  We  demanded  that  each  new  siRNA 
sequence  did  not  overlap  with  any  of  the  A-pool  siRNAs  or 
with  each  other  (see  Experimental  Procedures).  Again,  pools  of 
three  siRNAs  were  prepared  (Q-pools,  QIAGEN).  Each  new 
siRNA  (Q1-Q3)  was  also  assessed  individually,  at  the  same 
concentration  (30  nM).  Hereafter,  each  siRNA  or  pool  is  always 
assessed  in  triplicate. 

The  majority  of  Q-series  siRNAs  rescored,  but  almost  invari¬ 
ably  at  a  lower  level  of  penetrance  than  the  original  A-pool 
(Figures  IB  and  1C).  However,  and  crucially,  no  Q-pool  or  indi¬ 
vidual  Q-siRNA  scored  antagonistically  to  the  original  phenotype 
generated  by  the  A-pool,  nor  were  any  heterogeneous  S/R 
phenotypes  seen  (i.e.,  no  siRNA  generated  a  mixture  of  green 
and  orange  scores). 

Protein  Interaction  Map 

We  further  investigated  potential  relationships  between  the 
genes  identified  above  by  constructing  a  “protein  interaction 
map.”  Briefly,  S,  R,  and  SG  hits  (the  Anchor  Set,  Figures  1  B-1  D) 
were  probed  for  protein  interactors  using  the  BioGRID  and 
HPRD  databases  to  generate  the  Set  B  protein  list  (see  Experi¬ 
mental  Procedures).  The  combined  list  of  Anchor  and  Set  B 
proteins  was  then  probed  for  chains  of  three  interacting  proteins 
or  more.  Only  one  map  emerged  from  this  exercise  (Figure  2A). 
We  subjected  all  newly  identified  genes  that  were  incorporated 
into  this  map  to  full  A/Q  siRNA  analysis  (Figures  2B-2D).  A  rich 
array  of  phenotypes  of  varying  penetrance  were  apparent, 
predominantly  S.  Ten  genes  whose  products  have  been 


Figure  1.  High-Content  Genome-wide  siRNA  Screen  for  Modulators  of  p16 

(A)  Color  coding  used  to  illustrate  the  number  of  SD  of  the  experimental  siRNA  value  from  the  siGLO  median.  This  color-coding  system  is  employed  for  each 
phenotypic  criterion  and  is  used  to  define  the  S  (green)  and  R  hits  (orange). 

(B-D)  Heat  maps  of  SD  scores  as  described  in  (A)  for  each  phenotypic  criterion  following  transfection  of  HMECs  with  A-pool,  Q-pool,  Q1 ,  Q2,  or  Q3  siRNAs  for  (B) 
the  S  and  (C)  the  R  hits  and  (D)  the  supergrower  (SG)  hits.  A  brief  function  is  assigned  to  each  S  and  R  hit  (see  Experimental  Procedures). 

(E)  HMECs  stained  with  DAPI  (blue)  and  ap16  (green)  following  transfection  with  control  siRNAs  ( CBX7 ,  siGLO,  pi 6)  or  A-pool  siRNAs  targeting  representative  S 
(I WNT3A ,  CDH22)  and  R  hits  {MOBKL1A,  GPR147).  Size  bar,  200  [im. 
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Figure  2.  Interaction  Map  and  A/Q  Analysis 

(A)  Interaction  map  for  Anchor  Set  (green,  orange,  yellow) 
and  Set  B  interactors  (white,  purple),  pi 6  regulators  from 
Set  B  are  highlighted  (purple).  Lines  represent  interactions 
determined  from  the  BioGrid  and  HPRD  databases. 

(B  and  C)  Heat  maps  of  SD  scores  for  each  phenotypic 
criterion  following  transfection  of  HMECs  with  A-pool,  Q- 
pool,  Q1,  Q2,  or  Q3  siRNAs  targeting  Set  B  interactors. 
Candidates  are  divided  based  on  the  phenotypic  criteria 
into  (B)  S  or  (C)  R  hits  and  a  brief  function  is  assigned  to 
each  candidate. 

(D)  HMECs  stained  with  DAPI  (blue)  and  ap16  (green) 
following  transfection  with  A-pool  siRNAs  targeting  APP, 
(3-catenin,  or  CBX4.  Size  bar,  200  jim. 
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previously  shown  to  directly  bind  p16  cis-regulatory  domains  in 
a  variety  of  cell  types  were  identified  (Figure  2A,  purple  circles). 
The  fully  penetrant  S  phenotype  of  some  of  the  Set  B 
genes  (e.g.,  Cbx4,  Cbx8,  Cdk5rap2,  Hdacl ,  Hhrnphl,  and 
Uik2\  Figure  2B,  A-pool  column)  suggests  that  they  represent 
false  negatives  from  the  primary  screen. 

Among  the  genes  identified  in  the  genome-wide  screen  and 
the  interaction  map  (Figures  1  and  2)  WNT3A  can  be  directly 
linked  to  a  known  transcriptional  regulator  of  pi  6,  through 
a  well-established  pathway.  Loss  of  WNT3A  was  associated 
with  a  highly  penetrant  S  phenotype  associated  with  cell  enlarge¬ 
ment  and  high-level  pi  6  expression  (Figures  1 B  and  1 E).  WNT3A 
suppression  of  pi  6  (also,  see  below)  is  consistent  with  reports 
that  the  Wnt  effector,  p-catenin  (identified  here  in  the  interaction 
map;  Figures  2A  and  2B),  directly  binds  to  the  p16  promoter 
(Delmas  et  al.,  2007;  Wassermann  et  al.,  2009)  and  also  the 
observation  that  Wnt2  can  delay  senescence  in  human  fibro¬ 
blasts  (Ye  et  al.,  2007). 

Next,  the  screening  data  were  probed  for  components  of  other 
established  pathways  that  might  be  involved  in  pi  6  regulation. 
The  potential  role  of  Hedgehog  (Hh)  signaling  was  highlighted 
by  the  inhibitory  components  SUFU  (SG  category,  Figure  ID) 
and  GSK-3p  (Interaction  map,  Figures  2A  and  2C).  Hh  signaling, 
initially  identified  in  Drosophila,  plays  a  complex  role  in  metazoan 
developmental  patterning,  adult  stem-cell  maintenance,  and 
carcinogenesis  (Jiang  and  Hui,  2008;  Kasper  et  al.,  2009).  It 
should  be  noted  that  GSK-3P  is  also  a  pivotal  member  of  the 
Wnt  signaling  pathway  and  also  that  SUFU  may  interact  with 
p-catenin  (Meng  et  al.,  2001).  However,  since  no  direct  relation¬ 
ship  between  pi  6  and  the  Hh  pathway  has  previously  been 
described,  this  finding  was  explored  in  detail. 

Hedgehog  Acts  on  pi  6 

First,  we  genetically  probed  a  set  of  well-established  Hh  pathway 
components  in  HMECs  using  A-  and  Q-pool  siRNAs  (Figure  3). 
Inhibition  of  gene  function  of  each  of  the  SHH  and  IHH  protein 
ligands  caused  partial  pi  6  derepression  (Figures  3A  and  3C) 
and  increased  staining  with  the  senescence  marker  p-galactosi- 
dase  (not  shown).  Although  the  binding  partner  of  SUFU,  FU,  is 
not  required  for  mouse  development  (Wilson  et  al.,  2009),  loss 
of  FU  in  HMEC  displayed  a  senescent  phenotype,  by  contrast 
with  that  of  SUFU  (Figure  3A).  Hh  signaling  is  mediated  by  a  still 
incompletely  understood  balance  between  activating  and 
repressive  forms  of  the  GLI  zinc-finger-containing  family  of  tran¬ 
scription  factors  (Ruiz  i  Altaba  et  al.,  2007).  The  GLI  proteins, 
together  with  the  coreceptor  SMO,  are  subjected  to  complex 
regulatory  phosphorylation  by,  among  others,  CK1  and  PKA 
(Jia  et  al.,  2004;  Jiang,  2006;  Smelkinson  et  al.,  2007).  siRNAs 
targeting  Ckl  and  Pka  partially  elevated  pi  6  levels  (Figure  3C). 
GSK-3p  phosphorylation  targets  the  GLI  proteins  for  specific 
cleavage  (Pan  et  al.,  2006;  Tempe  et  al.,  2006).  The  Gsk-3(3 
A-pool  was  ineffective  at  suppressing  pi  6,  whereas  Q1-3 
siRNAs  potently  suppressed  pi  6  expression  and  stimulated 
growth  (Figures  3B  and  3C).  In  each  case,  the  level  of  Gsk-3(3 
mRNA  knockdown  by  siRNA  was  directly  proportional  to  pheno¬ 
typic  penetrance  and  suppression  of  p  16  expression  (Figure  3B). 
We  further  challenged  the  siRNA  analysis  by  using  a  well-estab¬ 
lished  inhibitor  of  GSK-3p  (see  Experimental  Procedures).  This 


compound  inhibited  pi  6  expression  and  stimulated  growth, 
mimicking  the  Gsk-3(3  siRNA  (Figure  3B).  The  potency  of 
GSK-3p  as  a  growth  inhibitor  (Liu  et  al.,  2008,  2009;  Zmijewski 
and  Jope,  2004)  may  also  reflect  its  role  in  the  proteolysis  of 
P-catenin  (Figure  2)  and  CYCLIN  D1  (Takahashi-Yanaga  and 
Sasaguri,  2008),  the  key  binding  partner  of  CDK4/6  upon  which 
pi  6  acts,  but  GSK-3 p  siRNA  increased  nuclear  GLI2,  the  key 
Hh  effector  in  this  system  (Figure  S4I,  see  Discussion  below). 

These  data  demonstrate  that  Hh  signaling  is  active  in  HMECs 
and  is  required  for  suppression  of  pi  6  expression  and  cell  prolif¬ 
eration.  To  test  whether  Hh  might  be  limiting,  we  exposed 
HMECs  to  retrovirally  transduced  IHH  or  SHH.  In  both  cases, 
pi  6  expression  was  suppressed  (Figure  4A)  and  cell  expansion 
continued  beyond  the  p16-mediated  finite  life  span  character¬ 
istic  of  these  HMECs  (Figure  4B).  However,  HMEC. IHH  and 
HMEC. SHH  cultures  were  not  immortalized,  and  eventual  cessa¬ 
tion  of  growth  was  associated  with  pi  6  re-expression  (not 
shown).  We  further  explored  the  role  of  Hh  by  direct  ligand  addi¬ 
tion  to  HMEC  cultures.  Recombinant  SHH-N,  a  slightly  truncated 
form  of  the  protein,  suppressed  pi  6  expression  at  6  hr  (not 
shown)  and  24  hr  post  treatment  (Figures  4C  and  4D).  We  further 
took  advantage  of  commercially  available  recombinant  WNT3A 
protein  to  challenge  cells.  As  expected,  this  developmental 
ligand  also  suppressed  pi 6.  Interestingly  cosupplementation 
with  both  WNT3A  and  SHH-N  yielded  no  deeper  suppression 
of  pi  6  than  either  protein  alone.  In  combination,  these  studies 
demonstrate  that  Hh  pathway  elements  are  not  only  essential 
for  suppression  of  pi 6  in  HMECs,  but  also  limit  expansion  of 
the  culture. 

GLI2  Transcription  Factor 

The  human  genome  encodes  three  GLI  transcription  factors,  each 
of  which  can  serve  as  targets  of  Hh  signaling  (Ruiz  i  Altaba  et  al., 
2007).  Only  siRNAs  directed  against  GLI2  effectively  suppressed 
HMEC  growth  in  association  with  pi 6  elevation  (Figures  3C 
and  5A).  Western  blotting  with  aGLI2-N  antibody  in  P6  cultures 
revealed  crossreactive  bands  of  approximately  180  kDa  and 
75  kDa  (Figure  5B),  both  of  which  were  substantially  reduced 
following  exposure  of  cells  to  a  pool  of  siRNAs  directed  against 
GLI2  (Figure  S4F).  The  lower  molecular  weight  form  presumably 
reflects  specific  cleavage  into  the  GLI2-R  form  (see  below).  The 
protein  is  less  abundant  at  PI  0,  compared  to  P6,  whereas  HMECs 
carrying  virally  encoded  Hh  proteins  (HMEC. IHH  or  HMEC.SHH) 
displayed  more  GLI2  protein  than  control  samples  (HMEC.pBabe), 
in  particular  the  75  kDa  form  (Pan  et  al.,  2006).  GLI2-C  displayed 
a  heterogeneous  but  diffuse  cellular  staining  pattern,  whereas 
GLI2-N  was  much  more  obviously  nuclear. 

Examination  of  the  pi  6  promoter  region  revealed  a  previously 
unreported  potential  GLI  binding  site,  111  bp  5'  to  the  pi 6  ATG. 
The  sequence,  TGGcTGGTC,  differs  by  only  one  mismatch  from 
the  recognized  GLI  binding  site  (TGGGTGGTC;  Figure  5C)  (note: 
all  GLI  proteins  bind  this  sequence).  Examination  of  the  mouse 
p16  gene  also  uncovered  two  such  sites,  one  a  direct  match, 
within  thep76  protein  coding  sequence  (Figure  5C).  Accordingly, 
we  explored  the  potential  action  of  GLI2  on  the  relevant  site 
within  the  human  p16  gene. 

Hh  signaling  is  thought  to  act  both  by  regulation  of  shuttling  of 
GLI  into  the  nucleus  and  also  by  altering  the  balance  between 
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Figure  3.  A/Q  siRNA  Analysis  of  Selected  Hedgehog  Pathway  Members 

(A  and  B)  HMECs  stained  with  DAPI  (blue)  and  apl  6  (green)  following  transfection  with  (A)  A-pool  siRNAs  targeting  siGLO,  IHH,  SHH,  FU,  or  SUFU and  (B)  A-pool,  Q1 ,  Q2,  or  Q3 
siRNAs  targeting  GSK-3(3  or  treatment  with  GSK-3(3  inhibitor  XV.  Top  inset:  Heat  map  of  SD  scores  for  each  phenotypic  criteria  following  transfection  with  A-pool,  Q-pool,  Q1 , 
Q2,  or  Q3  siRNAs  (see  Key).  Bottom  inset:  mean  mRNA  level  for  (A)  SLFDandp76following  transfection  with  A-pool  siRNAs  targeting  SUFU  and  (B)  GSK-3/3  and  p  16  following 
transfection  with  A-pool,  Q1 ,  Q2  or  Q3  siRNAs  targeting  GSK-3(3.  Values  were  normalized  to  the  internal  GAPDH  control  and  expressed  relative  to  siGLO  control  levels  (1 00%). 
(C)  Selected  Hh  pathway  members  illustrated  with  heat  maps  of  SD  scores  for  each  phenotypic  criteria  following  transfection  with  A-pool,  Q-pool,  Q1,  Q2,  or  Q3  siRNAs. 
Members  of  the  pathway  that  localize  to  the  PC  are  highlighted  (pink).  Size  bar,  200  [xm.  Error  bars  =  +SD. 
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Figure  4.  Hedgehog  and  pi 6 

(A)  HMEC.pBabe,  HMEC.IHH,  and  HMEC.SHH  cultures  stained  with  DAPI  (blue)  and  ap16  (green)  after  27  days  of  culture. 

(B)  Cumulative  population  doublings  (PDs)  of  HMEC  cultures  stably  transduced  with  HMEC.pBabe  (pBabe),  HMEC.IHH  (IHH),  or  HMEC.SHH  (SHH)  constructs, 
as  a  function  of  time.  Arrow  indicates  time  point  of  images  shown  in  (A). 

(C)  HMECs  stained  with  DAPI  (blue)  and  ap16  (green)  either  untreated  for  following  treatment  with  100  ng/mL  SHH-N  ligand,  25  ng/mL  Wnt3a  ligand,  or  SHH-N 
and  Wnt3a  ligand  together. 

(D)  Frequency  distributions  of  pi 6  intensity  in  HMECs  at  P6  (gray)  or  following  24  hr  treatment  with  100  ng/mL  SHH-N  ligand  (blue),  25  ng/mL  Wnt3a  ligand 
(purple),  or  SHH-N  and  Wnt3a  ligand  together  (green).  Size  bar,  200  urn. 

full-length,  activator  form  (GLI-A)  and  the  C-terminally  truncated,  putative  GLI-binding  site  within  pi  6  (see  Experimental  Proce- 
repressive  product  (GLI-R)  (Pan  et  al. ,  2006;  Ruiz  i  Altaba  et  al.,  dures).  This  reagent  was  transiently  cotransfected  with  full- 
2007).  We  generated  a  reporter  construct  carrying  the  single  length  GLI2  (pGLI2-FL)  or  a  pGLI2-AC  construct  into  HT1080 
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Figure  5.  Regulation  of  pi 6  by  GLI2 

(A)  HMECs  stained  with  DAPI  (blue)  and  ap16  (green)  following  transfection  with  A-pool  siRNAs  targeting  GUI,  GLI2  or  GLI3.  Inset:  Heat  map  of  SD  scores  for 
each  phenotypic  criteria  following  transfection  with  A-pool,  Q-pool,  Q1,  Q2,  or  Q3  siRNAs.  Size  bar,  200  [xm. 

(B)  Top  panel:  Western  blot  analysis  using  aGLI2-N  antibody  of  protein  extracts  from  HMECs  at  P6  and  PI  0  (left)  and  HMEC.pBabe,  HMEC.IHH,  and  HMEC.SHH 
(right).  Full-length  and  processed  forms  of  GLI2  were  detected  (arrows).  Bottom  panel:  Loading  control. 

(C)  Sequence  alignment  of  the  mouse  and  human  p16  genomic  sequence.  The  putative  GLI-binding  sites  are  highlighted  (red). 

(D)  Full-length  GLI2  protein  illustrating  the  N-terminal  repressor  domain  (R),  Zinc  fingers  (Zinc),  and  C-terminal  activator  domains  (A).  The  epitopes  for  the  aGLI2-N 
and  aGLI2-C  antibodies  are  shown.  GLI2-FL  and  GLI2-AC  reporter  genes  were  used  in  the  cotransfection  assay  shown  in  (E). 
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cells  (Figures  5D  and  5E).  Whereas  expression  of  GLI2-FL  had  no 
apparent  effect  on  the  pi  6  reporter  activity,  the  expression  of 
GLI2-AC  inhibited  pi  6  reporter  expression  in  a  dose-dependent 
manner. 

Also,  we  used  chromatin  immunoprecipitation  (ChIP)  analysis 
to  probe  potential  binding  of  GLI2  to  the  putative  pi  6  GLI- 
binding  site  in  HMECs  (Figure  5F).  Two  antibodies  were  used, 
aGLI2-N  (recognizing  both  GLI-A  and  GLI-R)  and  aGLI2-C 
(recognizing  only  the  full-length  GLI-A;  Figures  5D  and  S4).  The 
established  GLI-binding  region  of  the  Ptch  promoter  (Hh 
receptor)  was  used  as  a  positive  control  for  antibody  binding 
and  for  normalization  (Agren  et  al.,  2004).  Using  the  aGLI2-N 
antibody,  we  detected  strong  binding  to  the  pi  6  putative 
GLI-binding  region  and  weaker  binding  using  aGLI2-C.  No 
binding  was  observed  at  the  two  negative  control  regions 
flanking  the  pi  6  GLI-binding  site  (-4000  and  +4000  bp  relative 
to  the  pi 6  ATG).  This  experiment  directly  demonstrates  that 
GLI2  binds  the  p16  promoter  in  vivo  and  that  the  predominant 
binding  form  carries  the  N  terminus  of  the  protein. 

If  GLI2  regulates  expression  of  pi  6,  the  observed  heteroge¬ 
neity  of  pi  6  expression  in  mass  culture  might  be  reflected  in 
the  behavior  of  GLI2.  The  same  aGLI2-N  and  aGLI2-C  antibodies 
were  used  for  immunofluoresence  (IF)  analysis  of  HMECs  at  P6 
(Figures  6A  and  6B).  A  pool  of  siRNAs  directed  against  GLI2 
essentially  ablated  the  IF  signal  generated  by  either  antibody, 
demonstrating  specificity  of  these  immunoreagents  (Figures 
S4G  and  S4H).  GLI2-C  displayed  a  heterogeneous  but  diffuse 
cellular  staining  pattern,  whereas  GLI2-N  was  much  more 
obviously  nuclear.  Examination  of  pi  6  expression  in  the  same 
cells  suggested  exclusion  between  pi  6  staining  and  nuclear 
GLI2-N.  A  fraction  of  the  culture  appeared  to  express  neither 
pi  6  nor  GLI2. 

If  GLI2  suppression  of  pi  6  is  relaxed  during  spontaneous 
senescence,  nuclear  GLI2  might  decay  at  late  passage.  We 
quantitated  and  plotted  total  nuclear  pi  6  against  total  nuclear 
GLI2-N  intensities  in  cell  populations  at  P6  and  at  P10,  when 
the  culture  had  virtually  reached  senescence  (Figure  6C).  The 
P6  cell  population  resolved  into  two  predominant  fractions: 
p16lo'7GLI2high  and  p16hi9h/GLI2low.  A  side  population  of  lower 
pi  6  and  GLI2  was  also  apparent.  At  PI  0  the  profile  substantially 
collapsed  into  p16high/GLI2low.  This  suggests  that  HMECs, 
despite  considerable  culture  heterogeneity,  exist  in  one  of  two 
proliferative  states  to  which  Hh  and  pi  6  make  a  reciprocal 
contribution. 

Finally,  we  used  a  well-established  SMO  inhibitor,  cyclop- 
amine  (Chen  et  al.,  2002),  to  explore  the  relationship  between 
pi 6  and  Hh  signaling.  HMEC  were  highly  sensitive  to  the 
compound,  which  at  5-10  fiM  inhibited  cell  expansion,  associ¬ 
ated  with  decreased  nuclear  GLI2  and  increased  pi  6  (Figures 
6D  and  6E).  By  contrast,  HMEC  rendered  pi 6  deficient 
(HMEC.p16shRNA)  were  highly  resistant  to  the  compound, 
which  inhibited  growth  and  reduced  nuclear  GLI2  only  at  much 
higher  concentrations  (50-100  fiM,  Figures  6D  and  6F).  This 


observation  implies  that  pi  6  is  the  key  target  of  Hh  limited  cell 
proliferation. 

Primary  Cilia  and  p16 

The  primary  cilium  (PC)  is  a  nonmotile  9+0  microtubule-contain¬ 
ing  cell-surface  protrusion  nucleated  from  one  of  a  pair  of 
centrioles.  Once  formed,  a  PC  can  survive  centrosome  duplica¬ 
tion,  but  regresses  at  the  onset  of  mitosis  (Pan  and  Snell,  2007). 
These  cellular  appendages  are  found  in  many  cell  types  in  vivo, 
including  breast  epithelia  (Nickerson,  1989).  Hh  components, 
including  SHH,  SMO,  PTCH,  SUFU,  and  GLI,  have  been  local¬ 
ized  to  the  PC  and  active  PC-mediated  Hh  signaling  has  been 
now  been  described  in  a  wide  variety  of  mammalian  cell  types 
in  vivo  (Eggenschwiler  and  Anderson,  2007).  However,  low  levels 
of  PC  formation  are  commonly  observed  in  cultured  cells.  This 
phenomenon  is  not  well  understood. 

We  investigated  PCs  in  HMECs  using  antibodies  against 
acetylated  tubulin  (AcTb)  and  IHH  (similar  results  were  obtained 
with  antibodies  against  SHH,  not  shown).  All  IHH  and  SHH  immu¬ 
noreagents  were  validated  by  knockdown  of  both  Western  blot 
and  IF  signal  following  exposure  to  relevant  siRNAs  (Figures 
S4A-S4D).  PCs  were  readily  detected  in  ~1  %  of  cells  at  P6 
(Figures  7  A  and7B),  and  active  Hh  signaling  in  these  cells  is  sug¬ 
gested  by  colocalization  of  SMO  in  over  60%  of  PCs  (Figure  7 C). 
Culture  to  stationary  phase  or  serum  starvation  is  widely  used  to 
increase  PC  formation  in  vitro  (Kiprilov  et  al.,  2008).  Therefore, 
we  investigated  the  proliferative  status  of  the  PC-carrying  cells 
by  costaining  with  aAcTb  and  aKi67.  Over  90%  of  PC+  cells 
were  Ki67+  (Figure  7D).  Indeed,  cultures  at  proliferative  exhaus¬ 
tion  (P10)  or  after  culture  to  confluence  displayed  a  very  low 
fraction  of  PC+  cells  (Figure  7B).  This  issue  was  further  explored 
by  stimulating  the  culture  with  p16  RNA  interference.  Surpris¬ 
ingly,  either  transient  (siRNA)  or  virally  transduced  (shRNA)  p16 
suppression  yielded  cultures  displaying  a  5-fold  increase  in  PC 
frequency  (Figure  7E).  Thus,  pi  6  inhibits  PC  formation. 

Heterogeneous  cellular  expression  of  pi  6,  coupled  with 
typical  sporadic  elaboration  of  PCs  in  HMECs,  presented  the 
opportunity  to  explore  the  relationship  between  the  two. 
Following  quantitative  image  analysis  of  >100,000  cells  at  P6, 
frequency  distributions  of  pi  6  intensity  were  compared  in 
mass  culture,  PC+  cells  and  mass  culture  exposed  \op16  siRNA. 
pi  6  levels  were  lower  in  PC+  cells  relative  to  the  whole  popula¬ 
tion,  but  were  not  reduced  to  the  levels  achieved  following  pi  6 
knockdown  (Figure  7F). 

We  further  probed  the  relationship  between  PC  formation  and 
pi  6  in  the  HMEC. pi  6shRNAcell  line.  These  cells  retain  a  relatively 
high  fraction  of  PC+,  with  respect  to  wild-type  HMECs,  even  in  the 
presence  of  growth-inhibitory  levels  of  cyclopamine  (1 00  pM)  and 
also  at  confluence  (Figures  7G  and  7H).  Finally,  HMEC  overex¬ 
pressing  IHH  displayed  increased  PC  formation,  which  was 
marginally  further  enhanced  by  ablation  of  pi  6  (Figure  71).  Thus, 
in  each  of  the  experimental  conditions  investigated  there  is  a  recip¬ 
rocal  relationship  between  pi  6  expression  and  PC  formation. 


(E)  Mean  relative  luciferase  activity  (RLA)  following  co-transfection  of  the  GLI2-FL  or  GLI2-AC  constructs  at  the  indicated  dose  with  the  p16-luciferase  construct. 

(F)  aGLI2-N  and  aGLI2-C  ChIP  in  HMEC  cells.  The  mean  relative  levels  obtained  with  each  antibody  for  the  putative  pi  6  GLI-binding  region  are  indicated  (pink). 
The  Ptch  GLI-binding  region  and  sequences  flanking  the  putative  pi 6  GLI-binding  site  (gray)  were  used  as  positive  and  negative  controls,  respectively.  PCR 
signals  were  normalized  to  input  and  are  shown  relative  to  the  positive  Ptch  control.  ND  =  not  detectable,  error  bars  =  +SD. 
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Figure  6.  Relationship  between  GLI2  and  pi  6 

(A)  HMECs  stained  with  DAPI  (blue),  ap16  (green),  and  aGLI2-N  (red). 

(B)  HMECs  stained  with  DAPI  (blue),  ap16  (green),  and  aGLI2-C  (red). 

(C)  Contour  plots  of  total  pi  6  nuclear  intensity  versus  total  GLI2-N  nuclear  intensity  in  individual  cells  at  P6  (left)  and  P10  (right). 
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DISCUSSION 

Although  the  majority  of  known  direct  transcriptional  regulators 
of  pi  6  were  detected  in  the  present  siRNA  analysis  of  HMECs, 
a  large  number  of  other  participating  genes  were  uncovered 
for  the  first  time.  Among  these  were  Hh  pathway  components 
that  act  to  promote  mitogenesis  by  suppression  of  pi 6.  In 
Drosophila  development,  Hh  acts  by  altering  the  balance 
between  GLI-A  (full  length)  and  GLI-R  (truncated)  in  favor  of  the 
former  (Aza-Blanc  et  al.,  2000;  Pan  et  al.,  2006).  In  the  present 
context,  however,  this  situation  is  apparently  reversed.  Hh  mito¬ 
genesis  in  HMEC  is  mediated  by  GLI2-R  that  accumulates  in  the 
nucleus  and  directly  inhibits  the  promoter  of  pi  6.  pi  6  has  long 
been  implicated  in  breast  cancer  and  gene  inhibition  by 
promoter  methylation  is  a  very  early  step  in  this  disease  (Kim 
and  Sharpless,  2006).  The  Hh  pathway  has  also  been  implicated 
in  breast  cancer  (Kasper  et  al.,  2009).  Although  many  Hh  target 
genes  may  be  relevant  to  carcinogenesis  (Jiang  and  Hui, 
2008),  and  epithelial/mesenchymal  interplay  is  critical  (Jiang 
and  Hui,  2008;  Kasper  et  al.,  2009),  direct  inhibition  of  pi 6  by 
Hh  in  the  epithelial  compartment  provides  immediate  insight 
into  one  mechanism  by  which  this  developmental  pathway 
acts  in  both  normal  and  pathological  mitogenesis. 

Progressive  pi  6  expression  is  the  immediate  cause  of  replica¬ 
tive  senescence  in  many  types  of  cultured  human  cells,  with  the 
exception  of  embryonic  stem  cells  in  which  the  gene  is  sup¬ 
pressed  (Li  et  al.,  2009).  This  phenomenon  has  been  widely 
attributed  to  an  ill-defined  “culture  stress.”  As  studied  here, 
that  stress  may  reflect  a  progressive  decay  in  signaling  by 
morphogens  such  as  Hh  (and  possibly  Wnt;  Figures  1 , 2,  and  4), 
presumably  consequent  to  tissue  dissociation  and  disruption  of 
cell-cell  contacts  upon  which  they  intimately  rely  in  vivo. 

The  role  of  the  PCs  is  of  particular  interest  in  this  regard.  In 
common  with  the  findings  of  others  (Eggenschwiler  and  Ander¬ 
son,  2007),  PCs  form  infrequently  in  cultured  HMEC,  and  since 
the  bulk  of  the  culture  responds  to  very  short-term  ligand  addi¬ 
tion,  Hh  signaling  must  be  active  in  the  PC-  population,  as  in 
other  described  systems  (Chen  et  al.,  2009).  Indeed,  many 
immortal  cancer  cells  do  not  have  PCs  (Seeley  et  al.,  2009),  sug¬ 
gesting  a  potential  growth-inhibitory  function  of  PCs.  However, 
in  HMECs,  pi 6  expression  is  lower  in  PC+  cells,  the  majority  of 
which  are  actively  involved  in  Hh  signaling.  Although  the  exis¬ 
tence  of  other  p16-supressing  pathways  in  PC+  cells  can 
certainly  not  be  excluded,  the  simplest  interpretation  of  our 
data  is  that  Hh  signaling  is  more  potent  in  this  context  than  in 
those  cells  without  these  structures.  Thus,  PC+  cells  may  act 
as  “germinal  centers”  in  long-lived  cultures,  and  the  phenom¬ 
enon  of  senescence  may  reflect  not  only  apparent  decay  of  Hh 
function  in  the  majority  of  cells  but  also  relative  dilution  of  PC+ 
cells  in  the  absence  of  sufficient  replacement.  The  regulation  of 
ciliagenesis  is  therefore  of  great  interest. 


The  pattern  of  inheritance  of  PC  has  recently  been  studied  in 
cultured  cells  (Anderson  and  Stearns,  2009).  After  division,  the 
cell  inheriting  the  oldest  “grandmother”  centriole  forms  a  func¬ 
tional,  SHH-sensitive  PC  earlier  than  its  sister.  Thus,  the  inherent 
asymmetry  of  centriolar  replication  that  is  deeply  implicated  in 
the  asymmetry  of  stem  cell  division  in  Drosophila  neurogenesis 
(Zhong  and  Chia,  2008),  germ-cell  aging  (Cheng  et  al.,  2008), 
and  mammalian  neural  progenitor  formation  (Chenn  and  McCon¬ 
nell,  1995;  Noctor  et  al.,  2004;  Wang  et  al.,  2009)  might  be  re¬ 
flected  in  pi  6  biology.  This  remains  to  be  studied.  Finally,  our 
work  adds  to  the  growing  list  of  developmental  pathways  that 
inhibit  pi  6  expression.  These  include  polycomb  genes  (Gil  and 
Peters,  2006),  Wnt/p-catenin  (Delmas  et  al.,  2007;  Wassermann 
et  al.,  2009),  MEOX2  (Irelan  et  al.,  2009),  and  now  Hh/GLI.  Given 
that  pi  6  is  progressively  expressed  in  a  wide  variety  of  tissues 
during  aging,  these  findings  may  imply  that  the  progressive 
molecular  and  cellular  damage  that  clearly  contribute  to  organ- 
ismal  aging  could  be  secondary  to  deeper  defects  in  pathways 
that  are  formative  from  early  embryogenesis.  Thus,  in  vivo  aging 
might  reflect  “developmental  decay,”  a  phenomenon  that  is 
apparent  in  the  in  vitro  context  studied  here.  Our  studies  suggest 
avenues  by  which  this  possibility  might  be  explored. 

EXPERIMENTAL  PROCEDURES 
Cells  and  Reagents 

Normal  finite  life-span  HMECs  were  obtained  from  reduction  mammoplasty 
tissue  of  a  21 -year-old  individual,  specimen  184,  and  were  cultured  as  previ¬ 
ously  described  (Garbe  et  al.,  2009).  Cells  at  P6  were  used  for  reconstruction, 
screening,  and  follow-up  siRNA  studies.  For  compound  studies,  cells  were 
grown  in  the  presence  or  absence  of  0.1  nM  GSK3(3-inhibitor  XV  (CalBio- 
chem),100  ng/mL  SHH-N,  or  25  ng/mL  WNT3A  (R&D  Systems)  or  a  range  of 
doses  for  cyclopamine  (Sigma). 

High-Content  Genome-wide  siRNA  Screening 

The  screen  was  performed  using  the  human  genome  siRNA  library  from 
Ambion  (RefSeq  Version12,  pools  of  three  siRNAs  targeting  22,010  genes: 
referred  to  as  A-pools),  together  with  control  siRNAs  targeting  Cyclophilin  B 
(Dharmacon),  CBX7  (Ambion),  and  pi 6  (QIAGEN).  HMECs  at  P6  were  reverse 
transfected  with  30  nM  siRNA  in  384-well  format  using  HiperFect  (QIAGEN). 
Plates  were  incubated  for  46  hr,  medium  changed,  and  fixed/stained  72  hr  later 
with  Moap16  JC2,  GtaMo  AlexaFluor488  (Invitrogen),  DAPI,  and  Cell  Mask 
(Invitrogen).  High-content  images  were  acquired  with  the  In  Cell  1000  auto¬ 
mated  microscope  (GE)  at  4x  magnification,  and  analysis  was  performed 
using  the  Developer  Analysis  software  (GE). 

Following  the  screen,  the  Ambion  library  was  cherry  picked  and  hits  retested 
in  triplicate.  Next,  three  siRNAs  per  target  were  purchased  (Q  pool,  Q1-3, 
QIAGEN).  Sequences  for  the  A-pool  siRNAs  were  aligned  with  all  available 
QIAGEN  siRNAs  (ClustalW,  http://www.ebi.ac.uk/clustalw),  such  that  each 
newly  synthesized  Q-siRNA  had  no  sequence  overlap  with  any  of  the  A-pool 
siRNAs  or  with  each  other. 

Immunofluorescence 

Primary  antibodies  used  were  Moap16  JC2;  Rbap16  (sc-468,  Santa  Cruz); 
Moaacteylated  tubulin  (AcTb  T7451,  Sigma),  RbaKi67  (NCL-Ki67p, 


(D)  Left  panel:  Mean  cell  number  for  HMEC  P6  (gray)  or  HMEC.p16shRNA  (purple)  following  treatment  with  a  range  of  cyclopamine  doses.  Error  bars  =  ±  SD. 
Right  panel:  HMECs  stained  with  DAPI  (blue)  and  ap16  (green)  following  treatment  with  10  [iM  cyclopamine. 

(E)  Frequency  distributions  of  pi 6  intensity  (left)  or  GLI2-N  nuclear  intensity  (right)  following  treatment  of  HMEC  P6  with  0  jxM  (gray),  7.5  jxM  (orange),  or  10  ^M 
cyclopamine. 

(F)  Frequency  distribution  of  GLI2-N  nuclear  intensity  following  treatment  of  HMEC.p16shRNA  with  0  fiM  (gray),  10  ^M  (blue,  left),  50  fiM  (blue,  middle),  75  ^M 
(orange),  or  100  ^M  (red)  cyclopamine.  Size  bar,  100  [xm. 
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Figure  7.  Relationship  between  Primary  Cilium  and  pi 6 

(A)  Confocal  images  of  HMECs  stained  with  alHH  (green),  aAcTb  (red),  and  DAPI  (blue). 

(B)  Mean  percentage  of  PC+  cells  +SD  in  HMECs  at  P6,  P6  cultured  to  confluence  and  P10. 

(C)  Left  panels:  HMECs  stained  with  aSMO  (red),  aAcTb  (green),  and  DAPI  (blue).  Right  panel:  Mean  percentage  of  SMO+  PCs  in  HMEC  cultures  at  P6. 

(D)  Left  panel:  HMECs  stained  with  aAcTb  (green)  aKi67  (red)  and  DAPI  (blue).  Right  panel:  Mean  percentage  of  Ki67+  cells  in  PC+  population  of  HMECs  at  P6. 

(E)  Mean  percentage  of  PC+  cells  following  transfection  of  HMECs  with  control  siRNA,  pi 6  siRNA,  or  in  HMEC.p16shRNA  stable  cell  lines. 


544  Molecular  Cell  40,  533-547,  November  24,  201 0  ©201 0  Elsevier  Inc. 


Molecular  Cell 

Hedgehog  Signaling  Inhibits  pi  6 


Cell 


Novocastra),  GtaGLI2  (GLI2-N,  sc-20290,  Santa  Cruz),  RbaGLI2  (GLI2-C, 
sc-28674,  Santa  Cruz),  RbalHH  (sc-13088,  Santa  Cruz),  RbaSHH  (sc-9024, 
Santa  Cruz),  and  RbaSMO  (sc-13943,  Santa  Cruz).  Secondary  antibodies 
were  the  appropriate  AlexaFlur-488  or  AlexaFlur-546  antibody  (Invitrogen). 
DAPI  and  CellMask  Deep  Red  (Invitrogen)  were  also  included.  Images  were 
collected  with  the  In  Cell  1 000  microscope  (GE)  or  the  Zeiss  51 0  Meta  Confocal 
microscope  (Zeiss)  and  Developer  Software  (GE)  used  for  image  analysis. 

Immunofluorescence  for  PCs 

For  PC  detection,  cells  were  cultured  under  normal  conditions  for  72-96  hr, 
then  imaged  by  confocal  microscopy  or  with  the  In  Cell.  An  analysis  algorithm 
based  on  MoaAcTb  signal  was  designed  to  specifically  detect  PCs  and  to 
exclude  mitotic  spindle  and  midbodies,  and  cellular  or  nuclear  intensities  for 
proteins  of  interest  determined  for  PC+  and  PC”  cells.  For  additional  assay 
robustness,  matched  samples  were  costained  with  RbaSHH  or  RbalHH  and 
all  images  were  subjected  to  visual  inspection. 

Quantitative  RT-PCR  (qPCR) 

qPCR  reactions  were  performed  with  SYBR  Green  Master  Mix  (ABI)  or  Quanti- 
fast  (QIAGEN).  For  siRNA  knockdown  experiments,  RNA  was  extracted  from 
1  x  105  cells  48  hr  posttransfection.  GAPDH  levels  were  quantified  for  each 
cDNA  sample  in  separate  qPCR  reactions  and  were  used  as  an  endogenous 
control.  Target  gene-expression  levels  were  quantified  using  target  specific 
probes.  Values  were  normalized  to  the  internal  GAPDH  control  and  expressed 
relative  to  siGLO  transfected  control  levels  (100%).  All  qPCR  reactions  were 
run  in  duplicate  for  two  independent  samples. 

Database  Searches 

We  searched  PUBMED  and  PANTHER  (http://www.pantherdb.org)  databases 
to  assign  functional  annotations  to  the  S  and  R  hits.  Protein  interactions 
datasets  (Set  B)  for  each  S/R  hit  (Anchor  Set)  were  generated  using  BioGRID 
(http://www.thebiogrid.org)  and  HPRD  (http://hprd.beta.ibioinformatics.org). 
These  interactions  were  then  overlaid  to  generate  interaction  networks, 
requiring  that  an  anchor  set  or  Set  B  target  generated  a  chain  with  at  least 
two  other  anchor/Set  B  proteins  (i.e.,  representation  in  the  map  required 
that  an  Anchor  or  Set  B  protein  must  form  a  chain  with  at  least  two  other 
anchor  or  Set  B  proteins).  Accordingly,  the  map  does  not  contain  all  members 
of  either  set. 

Retroviral  Stable  Cell  Lines 

cDNAfor  IHH  orSHH  (Addgene)  were  subcloned  into  the  pBabe.puro  retroviral 
expression  construct.  The  previously  reported  pi  6  shRNA  shRNA  expressed 
from  the  U6  promoter  in  MSCV-shp16  was  also  used  (Narita  et  al.,  2003). 
HMECs  at  P5  were  transduced  and  the  resulting  HMEC.pBabe,  HMEC.IHH, 
and  HMEC.SHH  cultures  were  passaged  as  described  above  for  a  duration 
of  50  days,  or  until  the  culture  reached  senescence.  The  growth  curve  shown 
in  Figure  4B  starts  at  the  equivalent  of  WT  HMEC  P7. 

pi  6  Versus  GLI2  Nuclear  Intensity  as  a  Function  of  Passage 

HMECs  at  P6  and  P10  were  cultured  for  three  days  and  then  stained  as 
described  above  using  Moap16  and  GLI2-N  (1:50,  GtaGLI2-N20  Santa  Cruz 
Biotechnology).  The  Developer  Analysis  software  was  used  to  define  each 
nucleus  and  measure  the  total  nuclear  pixel  intensity  for  pi 6  and  GLI2-N 
and  contour  plots  generated. 

Luciferase  Assays 

To  generate  the  pi  6  GLI-binding  site  luciferase  reporter  construct  (pGL3.pl  6) 
a  221  bp  fragment  containing  the  GLI  consensus  binding  site  (TGGcTGGTC, 
Ibp  mismatch)  was  cloned  into  the  Ncol  site  of  the  pGL3  Luciferase  reporter 


construct  (primers:  ^-ATGATCCATGGCTCCTCCGAGC-S'  and  5'-CTACTC 
CATGGTGCTCCCCGC-3').  Full-length  GLI2  cDNA  (GLI2-FL)  and  the  first 
658AA  equivalent  of  GLI2  were  cloned  into  the  BamHI/EcoRI  site  of  pcDNA3.1 
to  generate  pGLI2-FL  and  pGLI2-AC,  respectively. 

HMECs  are  not  efficiently  transiently  transfected  with  plasmid  DNA. 
Therefore,  HT1080s  cells  were  seeded  in  96-well  plates.  Twenty-four  hours 
later  cells  were  cotransfected  with  luciferase  expression  constructs  (pGL3/ 
pGL3.p16),  Renilla  luciferase,  and  pcDNA3.1  constructs  (pcDNA3.1/pGLI2- 
FL/pGLI2-AC)  at  a  ratio  of  1:0. 5:1,  1:0. 5:2,  1:0. 5:3,  or  1:0. 5:4,  respectively, 
using  Lipofectamine  2000  (Invitrogen).  Luciferase  activity  was  assayed  48  hr 
posttransfection  using  the  Dual-Luciferase  Reporter  Assay  System  (Promega) 
according  to  the  manufacturer’s  instructions.  Relative  luciferase  activity  was 
expressed  with  respect  to  the  pGL3/Renilla/pcDNA3.1  control  (100%)  and 
were  generated  from  at  least  two  independent  experiments  each  performed 
in  triplicate. 

Chromatin  Immunoprecipitation  (ChIP) 

Exponentially  growing  cells  were  washed  with  PBS  and  fixed  with  1  %  parafor¬ 
maldehyde  for  30  min,  and  the  reaction  was  stopped  with  125  mM  glycine. 
Cells  were  washed  twice  with  PBS  and  lysed  in  50  mM  Tris-HCI  pH  8.1, 
1 0  mM  EDTA  pH  8.0,  and  1  %  SDS  plus  protease  inhibitors  (Roche).  Chromatin 
was  sonicated  to  an  average  size  of  400-1500  bp,  cleared  by  centrifugation, 
and  diluted  in  20  mM  Tris-HCI;  pH  8.1,  1.1  mM  EDTA,  pH  8.0;  1.1%  Triton 
X-100,  and  167  mM  NaCI.  Blocked  Protein  G  Dynabeads  (Invitrogen)  were 
saturated  with  GtaGLI2-N,  RbaGLI2-C,  or  Gt/Rb-IgG  and  incubated  with 
chromatin  from  2  x  106  cell  equivalents  overnight  at  4°C.  Immune  complexes 
were  washed  3x  with  RIPA  (10  mM  Tris-HCI,  pH  7.5,  1  mM  EDTA,  0.5  mM 
EGTA,  140  mM  NaCI,  1%  Triton  X-100,  0.1%  SDS,  0.1%  Na  deoxycholate, 
and  protease  inhibitors),  1  x  in  high-salt  buffer  (RIPA  +  500  mM  NaCI),  once 
in  LiCI  buffer  (RIPA  +  250  mM  LiCI)  and  2x  in  TE  pH  8.0.  Samples  were  eluted 
at  68°C  for  5  hr  in  20  mM  Tris-HCI,  pH  7.5;  5  mM  EDTA,  50  mM  NaCI,  50  jig/ml 
proteinase  K,  and  5  [xg/ml  RNase  A.  DNA  was  analyzed  by  qPCR  in  triplicate 
from  at  least  two  independent  experiments. 
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Loss  of  organization  is  a  principle  feature  of  cancers;  therefore  it  is 
important  to  understand  how  normal  adult  multilineage  tissues, 
such  as  bilayered  secretory  epithelia,  establish  and  maintain  their 
architectures.  The  self-organization  process  that  drives  heteroge¬ 
neous  mixtures  of  cells  to  form  organized  tissues  is  well  studied  in 
embryology  and  with  mammalian  cell  lines  that  were  abnormal  or 
engineered.  Here  we  used  a  micropatterning  approach  that  con¬ 
fined  cells  to  a  cylindrical  geometry  combined  with  an  algorithm  to 
quantify  changes  of  cellular  distribution  over  time  to  measure  the 
ability  of  different  cell  types  to  self-organize  relative  to  each  other. 
Using  normal  human  mammary  epithelial  cells  enriched  into  pools 
of  the  two  principal  lineages,  luminal  and  myoepithelial  cells,  we 
demonstrated  that  bilayered  organization  in  mammary  epithelium 
was  driven  mainly  by  lineage-specific  differential  E-cadherin 
expression,  but  that  P-cadherin  contributed  specifically  to  organi¬ 
zation  of  the  myoepithelial  layer.  Disruption  of  the  actomyosin 
network  or  of  adherens  junction  proteins  resulted  in  either  pre¬ 
vention  of  bilayer  formation  or  loss  of  preformed  bilayers,  con¬ 
sistent  with  continual  sampling  of  the  local  microenvironment  by 
cadherins.  Together  these  data  show  that  self-organization  is  an 
innate  and  reversible  property  of  communities  of  normal  adult  hu¬ 
man  mammary  epithelial  cells. 

mammary  gland  |  tissue  biology 

Most  mammalian  adult  tissues  are  replenished  and  repaired 
throughout  life  by  reservoirs  of  stem  cells.  As  new  somatic 
cells  replace  old  ones  or  build  new  tissue,  organization  and  ar¬ 
chitecture  must  be  maintained.  The  alternative,  loss  of  organiza¬ 
tion  in  adult  tissues,  is  associated  with  cancer  and  other  diseases. 
Lineage-specific  progenitors  or  their  differentiated  progeny  must 
have  a  means  to  reach  their  ultimate  site  of  residence  within  the 
adult  tissue.  The  robust  ability  to  organize  cells  into  tissues  is 
marked  from  conception:  Heterogeneous  aggregates  of  dissoci¬ 
ated  cells  from  embryonic  tissues,  suspended  in  gels  or  hanging 
droplets  or  on  agarose-coated  plates,  self-organize  into  sem¬ 
blances  of  the  original  tissues  (1-5).  The  mechanisms  governing 
self-organization  during  developmental  morphogenesis  (6-10)  are 
likely  conserved  in  the  maintenance  of  organization  in  adult  tis¬ 
sues.  Here  we  use  normal  human  mammary  epithelial  cells 
(HMEC)  as  a  model  to  determine  how  organized  states  are  pre¬ 
served  in  normal  adult  epithelia. 

The  mammary  gland  undergoes  cycles  of  proliferation  and 
involution,  showing  as  much  as  a  10-fold  expansion  in  preparation 
for  lactation  followed  by  return  to  normal  size.  During  these 
processes,  the  precise  bilayered  branching  organization  through¬ 
out  the  gland  is  maintained;  secretory  luminal  epithelial  cells 
(LEPs)  line  the  lumen,  surrounded  by  a  layer  of  contractile 
myoepithelial  cells  (MEPs)  that  are  adjacent  to  the  basement 
membrane.  We  hypothesized  that  mammary  epithelial  cells  pos¬ 
sessed  lineage-specific  intrinsic  abilities  to  self-organize  into  do¬ 
mains  of  lineage  specificity.  Such  a  mechanism  would  help  explain 
how,  for  instance,  the  mammary  stem  cell-enriched  zone  in  the 
ducts  (11)  is  maintained  separately  from  the  rank-and-file 
LEPs  and  MEPs,  and  how  LEPs  and  MEPs  form  and  maintain 
bilayers.  The  phenomenon  of  self-organization  has  not  been  well 
studied  in  humans,  perhaps  because  of  the  challenges  of  working 


with  primary  materials  and  a  paucity  of  tractable  culture  systems 
for  maintaining  cell  types  from  normal  adult  tissues.  To  facilitate 
a  quantitative  understanding  of  those  processes  in  an  adult  epi¬ 
thelial  tissue,  we  used  a  robust  cell  culture  system  that  enables 
culture  of  pre-stasis  normal  HMEC  obtained  from  reduction 
mammoplasties  for  40-60  population  doublings  while  main¬ 
taining  both  the  LEP  and  MEP  lineages  (12).  Flow  cytometry- 
enriched  cells  from  both  lineages  were  placed  in  arrays  of 
micropatterned  microwells,  where  their  distributions  were 
tracked  over  time  to  generate  a  dynamic  understanding  of  line- 
age-specific  self-organizing  behavior. 

Results  and  Discussion 

Quantification  of  Self-Organizing  Activity  in  Different  Lineages  of 
Normal  Human  Mammary  Epithelial  Cells.  We  first  used  a  classical 
self-organization  assay  to  determine  whether  different  lineages  of 
cultured  HMEC  derived  from  reduction  mammoplasty  possessed 
an  intrinsic  ability  to  form  bilayered  structures.  Subpopulations  of 
LEPs  and  MEPs,  defined  as  CD227+/CD107keratin  19  (K19)7 
keratin  14  (K14)“  and  CD2277CD10+/K197K14+,  respectively 
(11),  were  enriched  by  FACS  from  heterogeneous  normal  finite- 
lifespan  HMEC  (12)  at  passage  4  or  5  (Fig.  1  A,  A',  and  A").  The 
two  lineages  were  labeled  with  long-lasting  fluorescent  membrane 
dyes  of  different  wavelengths,  mixed  together,  and  then  were 
suspended  in  hanging  droplets.  The  formation  of  cores  of  LEPs 
surrounded  by  MEPs  (Fig.  IB),  similar  to  their  organization  in 
vivo,  was  observed  over  48  h.  However,  the  considerable  variation 
in  aggregate  size,  shape,  and  focal  planes  precluded  a  quantitative 
understanding  of  the  phenomenon. 

Therefore,  a  microwell  culture  platform  was  engineered  that 
confined  the  HMEC  mixtures  to  a  3D  cylindrical  geometry,  which 
enabled  quantification  of  lineage  distributions  over  time  (Fig.  1C). 
Representative  optical  sections  of  mixed  LEPs  and  MEPs  in 
microwells,  taken  at  middepth  (~25  pm)  at  0  and  48  h,  suggest 
self-organization  had  occurred,  as  compared  with  mixtures  of  ar¬ 
bitrarily  labeled  HMEC  cultures  (Fig.  ID).  Time-lapse  microscopy 
from  one  well  demonstrates  the  dynamic  nature  of  the  organizing 
process  (Fig.  SI  and  Movie  SI).  Heat  maps  showing  the  lineage 
distributions  over  time  suggested  that  in  a  majority  of  microwells 
MEPs  formed  a  ring  surrounding  cores  of  LEPs  as  early  as  24  h, 
and  lasted  for  at  least  48  h  (Fig.  IE,  Upper).  A  1:1  ratio  of  LEPs 
to  MEPs  was  determined  empirically  to  provide  the  most  clearly 
separable  distributions,  as  compared  with  ratios  of  1:2  or  1:3. 
Using  relatively  more  LEPs  than  MEPs  (e.g.,  in  a  ratio  of  2:1  or 
3:1)  was  difficult  due  to  the  paucity  of  LEPs.  Arbitrarily  labeled 
HMEC  cultures,  mixed  at  a  1:1  ratio,  showed  overlapping  dis- 
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Fig.  1.  Heterogeneous  mixtures  of  luminal  and  myoepithe¬ 
lial  cells  self-organize  into  ordered  structures.  (A)  Flow 
cytometry  analysis  of  fourth-passage  finite-lifespan  HMEC 
strain  240L  reveals  distinct  populations  of  the  two  principal 
somatic  epithelial  lineages  of  mammary  gland:  MEPs,  de¬ 
fined  here  as  CD227“/CD10+,  and  LEPs,  defined  as  CD227+/ 
CD10-.  {A'  and  A  ")  Immunofluorescence  of  sorted  cells  for 
MEP  and  LEP  markers  K14  (red)  and  K19  (green),  respectively, 
verified  that  (A)  CD227+  LEPs  were  K14~/K19+,  and  {A") 
CD10+  MEPs  were  K14+/K19“.  Nuclei  were  counterstained 
with  DAPI  (blue).  ( B )  Images  of  mixtures  of  fluorescently  la¬ 
beled  LEPs  (green)  and  MEPs  (red)  suspended  in  hanging 
droplets  and  imaged  with  a  confocal  microscope  just  after 
mixing  at  0  h  {Left)  and  at  48  h  {Right).  (Scale  bars:  20  pm.)  (C) 
Cartoon  representation  of  the  microwell  self-organization 
assay.  Fluorescently  labeled  LEPs  (green)  and  MEPs  (red)  were 
mixed  together  and  placed  in  arrays  of  microwells  that  did 
not  support  cell  adhesion.  Thirty  wells  were  imaged  with 
a  confocal  microscope  just  after  the  addition  of  cells  (0  h)  and 
again  at  24  h  and  48  h.  Fluorescence  from  both  green  and 
red  channels  in  one  optical  section  per  well  was  binarized 
and  then  combined  and  averaged  to  generate  two  gray-scale 
composite  images  that  were  overlaid  to  generate  a  single 
two-color  composite  distribution  map  for  each  condition, 
with  LEP  distributions  in  green  and  MEP  distributions  in  red. 
(D)  Representative  fluorescence  images  ofLEP  (green)  and 
MEP  (red)  in  four  different  microwells  at  0  h  and  48  h  {Upper) 
and  of  controls,  which  were  heterogeneous  HMEC  arbitrarily 
labeled  with  red  or  green  fluorescent  labels  {Lower).  (£) 
Distribution  maps  of  LEP  (green)  and  MEP  (red)  {Upper)  or 
control  mixtures  at  the  0-h,  24-h,  and  48-h  time  points 
{Lower).  (£')  Quantification  of  heat  maps  in  £  showing 
changes  in  mean  distribution  of  red  and  green  pixels  along 
the  radius  around  360°  of  arc  at  three  time  points.  Green 
lines  show  0  h,  red  lines  show  24  h,  and  blue  lines  show  48  h. 
SD  is  shown  by  the  lightly  shaded  regions  of  colors  corre¬ 
sponding  to  each  line. 


tributions  of  cells  that  did  not  resolve  into  distinct  populations 
(Fig.  IE,  Lower).  Quantification  of  the  heat  maps  (Fig  S2)  con¬ 
firmed  that  a  core  of  LEPs  surrounded  by  MEPs  was  observable  as 
early  as  24  h,  and  showing  as  much  as  a  fourfold  difference  in 
LEP:MEP  ratios  at  the  core  versus  the  periphery  by  48  h  (P  < 
0.001)  (Fig.  IE',  Upper).  By  contrast  there  was  no  difference  in 
ratios  at  the  core  and  the  periphery  of  the  arbitrarily  labeled 
HMEC  controls  at  any  time  point  (Fig.  IE',  Lower).  Inflections  in 
the  graphs  sometimes  were  observed  toward  the  peripheral 
regions  because  of  imperfect  registration  of  the  well  images. 
Taken  together,  these  results  indicate  that  self-organizing  is  an 
innate  property  of  the  LEP  and  MEP  HMEC  lineages. 

Levels  of  E-Cadherin  Expression  Are  Lineage  Specific.  Self-organizing 
behavior  has  been  ascribed  to  disparate  adhesive  properties 
among  the  participating  cells  in  embryonic  progenitors  from  the 
three  germ  layers,  in  cancer  cell  lines,  and  in  fibroblasts  engi¬ 
neered  to  express  cell-cell  adhesion  molecules  (the  differential 
adhesion  hypothesis,  reviewed  in  ref.  6).  Cadherin  cell-cell 
adhesion  molecules,  particularly  E-cadherin,  play  key  roles 
in  tissue  morphogenesis  during  vertebrate  gastrulation  (13). 
Quantification  of  images  of  fluorescently  immunostained  tissue 
sections  of  normal  mammary  gland  (Fig.  24)  from  two  individ¬ 
uals  revealed  that  more  E-cadherin  protein  was  present  at  the 
borders  between  two  LEPs  than  at  the  borders  between  a  LEP 
and  a  MEP  ( P  <  0.001)  (Fig.  2 B).  Flow  cytometry  measurements 
of  E-cadherin  surface  protein  levels  were  made  on  LEPs  and 
MEPs.  In  HMEC  strains  at  fourth  passage  from  six  individuals, 
a  reproducible  pattern  was  observed,  whereby  more  E-cadherin 
was  detected  on  LEPs  than  on  MEPs  (Fig.  2C).  The  lineage- 
specific  expression  levels  of  E-cadherin  made  it  an  attractive 
candidate  for  further  testing  of  the  differential  adhesion  hy¬ 
pothesis  as  it  pertains  to  self-organization  among  HMEC. 


Functional  Identification  of  Adhesion  Molecules  That  Drive  Tissue 
Self-Organization.  To  determine  whether  cadherins  played  a  func¬ 
tional  role  in  the  self-organization  of  LEPs  and  MEPs,  inhibitors  of 
E-,  P-,  and  VE-cadherin  were  added  to  the  medium  of  the 
microwell  assay  to  antagonize  those  specific  cell-cell  interactions. 
P-cadherin  is  expressed  by  MEPs  in  vivo  but  not  by  LEPs  (14).  VE- 
cadherin  is  expressed  by  endothelial  cells  but  not  by  epithelial  cells 
(13)  and  was  used  as  a  control  for  potential  effects  of  heterotypic 
cadherin  interactions  (9).  Each  of  the  putative  inhibitors  was  added 
at  the  beginning  of  the  experiment  and  was  refreshed  every  24  h 
with  medium  changes.  An  antibody  that  blocked  E-cadherin,  and 
recombinant  E-cadherin  fused  to  the  human  IgG-Fc  region 
(recEcad),  prevented  self-organizing  of  LEPs  and  MEPs.  Quanti¬ 
fication  of  the  heat  maps  did  not  reveal  differences  in  LEP: MEP 
ratios  at  the  core  and  periphery  (Fig.  3  A  and  A').  An  antibody  that 
blocked  P-cadherin  did  not  abolish  sorting,  because  a  core  enriched 
for  LEPs  was  surrounded  by  MEPs  ( P  <  0.001)  (Fig.  3  A  and  A'). 
However,  quantification  revealed  that  there  were  more  MEP  at  the 
core  [hovering  around  a  ratio  of  1:1  (Fig.  3  A')]  than  in  untreated 
LEPs  and  MEPs,  which  usually  showed  about  a  twofold  enrichment 
of  LEPs  at  the  core  (Fig.  1 E  and  E',  Upper).  Those  data  suggest  that 
LEPs  organization  at  the  core  is  unaffected  by  P-cadherin  anti¬ 
bodies,  whereas  the  MEPs  were  relatively  more  challenged  in  their 
journey  to  the  periphery.  Recombinant  VE-cadherin  IgG-fusion 
protein  (recVEcad)  did  not  prevent  organizing  (Fig.  3  A  and  A'). 
These  data  suggested  that  differential  levels  of  E-cadherin  at  the 
surfaces  of  LEPs  and  MEPs  were  the  principle  drivers  of  self¬ 
organization  and  thus  were  the  focus  of  the  majority  of  subsequent 
studies.  However,  these  data  also  show  that  P-cadherin  plays 
a  more  lineage -restricted  role  in  MEP  self-organizing. 

Self-Organization  Was  Prevented  After  Negative  Modulation  of  the 
Actomyosin  Network.  Previous  studies  of  mammary  epithelial 
morphogenesis  have  implicated  profound  roles  for  the  actomy- 
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Fig.  2.  Epithelial  lineages  that  comprise  the  mammary  gland  express  E- 
cadherin  differentially.  04)  A  tissue  section  from  a  normal  mammary  gland, 
specimen  XD01,  embedded  in  paraffin  and  triple-immunostained  to  show 
expression  of  (Left)  the  MEP  and  LEP  markers  K14  (red)  and  K19  (green), 
respectively,  and  (Right)  E-cadherin  (gray  scale).  (B)  Dot  plots  show  image 
quantification  from  two  individuals,  XD01  and  XA01,  of  E-cadherin  protein 
levels  at  the  border  between  two  LEPs  (K1 9+  LEP)  and  at  the  border  between 
an  LEP  and  an  MEP  cell  (K14+  LEP)  and  background  fluorescence  as  measured 
on  stroma,  which  does  not  express  E-cadherin  (Stroma).  Measurements  are 
expressed  in  arbitrary  fluorescence  units  (afu),  n  =  100  for  each  cell  type 
collected  from  at  least  three  sections.  (C)  Flow  cytometry  analysis  of  E- 
cadherin  expression  in  CD10+  MEPs  and  CD227+  LEPs  in  HMEC  strains  at 
fourth  or  fifth  passage  from  six  individuals. 


osin  regulatory  network  in  normal  morphogenesis  (15,  16).  We 
therefore  examined  the  impact  on  HMEC  self-organization  of 
the  actomyosin  network  inhibitors  ML-7,  a  myosin  light-chain 
kinase  (MLCK)  inhibitor  (17),  and  Y27632,  a  Rho  kinase 
(ROCK)  inhibitor  that  blocks  both  ROCK1  and  ROCK2  (18). 
Inhibitors  were  added  at  the  beginning  of  the  experiment  and 
were  refreshed  every  24  h  with  medium  changes.  Analysis  of 
LEPs  and  MEPs  distributions  over  48  h  revealed  that  both 
inhibitors  prevented  self-organization;  there  were  no  differences 
in  lineage  distribution  between  the  core  and  peripheral  regions 
(Fig.  3  B  and  B  ).  Modulation  of  the  actomyosin  network  also  is 
known  to  cause  changes  in  the  elasticity  and  cortical  tension  of 
cells.  Self-organization  studies  of  germline  progenitor  cells  dis¬ 
sociated  from  zebra  fish  embryos  suggested  that  differential  ac- 
tomyosin-dependent  cell-cortex  tension  was  a  crucial  component 
of  self-organization  in  that  system  (8).  Stiffer  cells  organized  to 
the  inside  and  were  surrounded  by  softer  cells,  and  disruption  of 
the  stiffness  relationship  by  actomyosin  network  inhibitors  led 
to  deficits  in  self-organization  (8).  Using  an  atomic  force  micro¬ 
scope,  we  measured  the  elasticity  of  untreated  and  inhibitor- 
treated  MEPs  and  LEPs.  Although  untreated  MEPs  tended  to  be 


Fig.  3.  E-cadherin-containing  junctions  and  the  cytoskeleton  regulatory 
molecules  ROCK  and  MLCK  are  required  for  self-organizing.  (A)  Maps  of 
HMEC  lineage  distributions  over  time  in  the  presence  of  E-,  P-,  or  VE-cad- 
herin-blocking  agents  (anti-E-cadherin,  recombinant  (rec)E-cadherin,  anti- 
P-cadherin,  or  recVE-cadherin);  LEP  are  green,  and  MEP  are  red.  (B)  LEP 
(green)  and  MEP  (red)  distributions  in  the  presence  of  the  MLCK  inhibitor 
ML-7  or  the  ROCK  inhibitor  Y27632.  (A  and  B')  Quantification  of  heat  maps 
in  A  and  B,  respectively,  showing  changes  in  mean  distribution  of  red  (MEP) 
and  green  (LEP)  pixels  along  the  radius  around  360°  of  arc  at  three  time 
points.  Green  lines  show  0  h,  red  lines  show  24  h,  and  blue  lines  show  48  h. 
SD  is  shown  by  the  lightly  shaded  region  of  color  corresponding  to  each  line. 
(C)  Atomic  force  microscopy  measurements  of  LEP  and  MEP  in  the  presence 
of  ML-7  and  Y27632.  The  graph  represents  elasticity  (kPa)  values  for  45  cells 
per  condition;  the  interior  line  represents  mean  elasticity  values;  error  bars 
show  SE.  Strain  240L  at  fourth  passage  was  used  for  all  experiments. 


stiffer  than  LEPs,  that  difference  became  significant  only  in  the 
presence  of  the  inhibitors  (P  <  0.001)  (Fig.  3C).  MEP  stiffness 
was  unaffected  by  ML-7  and  by  Y27632,  but  those  inhibitors 
caused  softening  of  LEPs  (Fig.  3C).  In  HMEC  the  actomyosin 
network  inhibitors  increased  the  magnitude  of  the  difference  in 
elasticity  between  LEPs  and  MEPs  but  did  not  alter  their  relative 
elasticity  (i.e.,  LEPs  always  were  softer  than  MEPs),  suggesting 
that  in  this  system  self-organization  was  not  driven  by  differ¬ 
ential  elasticity. 

Perturbations  of  the  Actomyosin  Network  in  the  Microwell  Platform 
Revealed  That  Self-Organization  Is  Dynamic  and  Reversible.  How  did 

the  actomyosin  inhibitors  upset  the  self-organizing  mechanism? 
We  investigated  whether  the  actomyosin  inhibitors  affected  ex¬ 
pression  or  binding  activities  of  E-cadherin  in  HMEC.  Addition 
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of  ML-7  or  Y27632  to  the  HMEC  culture  medium  did  not 
change  lineage-specific  differences  in  E-cadherin  expression 
as  measured  via  flow  cytometry;  invariably,  LEPs  expressed 
more  E-cadherin  than  did  MEPs  (Fig.  44).  The  ability  of  rec- 
Ecad  simply  to  bind  surfaces  of  HMEC  in  suspension  also  was 
measured  by  flow  cytometry.  Binding  of  recEcad  did  not  occur 
in  Ca2+-free  medium  or  when  HMEC  were  preincubated  with 
an  E-cadherin-blocking  antibody  (Fig.  4 B).  A  6-h  pretreatment 
with  Y27632  or  ML-7  did  not  prevent  recEcad  binding  (Fig.  4 B). 
Therefore,  neither  differential  expression  levels  of  E-cadherin 
nor  its  ability  simply  to  bind  other  E-cadherin  molecules  at  the 
surface  was  impacted  by  ML-7  or  Y27632. 

Because  of  the  central  importance  of  the  cytoskeleton  in 
adherens  junction  regulation,  we  considered  the  possibility  that 
the  actomyosin  inhibitors  modulated  the  ability  of  E-cadherin 
junctions  to  mature  or  remodel  (19),  thereby  impacting  HMEC 
organization.  Disruption  of  MLCK  would  prevent  proper  locali¬ 
zation  of  myosin  IIA  to  the  E-cadherin  junction,  disrupting  E- 
cadherin  clustering  and  decreasing  homophilic  adhesion  (20). 
Conversely,  mature  adherens  junctions  were  unable  to  break 
down  and  recycle  in  the  presence  of  Y27632  in  HCT116  and 
MDCK  epithelial  cell  lines  (21).  Those  reports  predicted  that 
ML-7  would  ablate  already-organized  HMEC  structures,  whereas 
Y27632  would  preserve  them.  Accordingly,  ML-7  or  Y27632  was 
added  to  mixtures  of  LEPs  and  MEPs  in  the  microwell  assay, 
either  just  after  cells  were  added  to  wells  at  the  start  of  the  assay 
(0  h)  or  after  24  h,  when  the  DMSO  controls  already  started  to 


show  signs  of  organization.  In  contrast  to  the  experiments  shown 
in  Fig.  3 B,  in  which  the  inhibitors  were  refreshed  every  24  h,  in 
these  experiments  the  inhibitors  were  added  a  single  time,  with 
the  expectation,  based  on  empirical  findings,  that  the  inhibitor’s 
activity  would  begin  to  weaken  by  48  h.  This  protocol  tested  the 
reversibility  of  the  system,  because  in  one  condition  sorting  would 
be  prevented  from  the  beginning  and  then  gradually  would  be 
unleashed,  and  in  the  second  condition  sorting  would  be  allowed 
to  get  underway  before  perturbation  by  the  inhibitors  after  24  h. 
Both  inhibitors,  when  added  at  0  h,  prevented  self-organization 
through  the  24-h  time  point,  but  as  the  inhibitors’  activity  di¬ 
minished  significant,  differences  in  LEP:MEP  ratios  in  the  core 
and  at  the  periphery  were  observed  by  48  h  (P  <  0.01)  (Fig.  4  C 
and  C').  The  unique  phenotypes  of  each  inhibitor  were  revealed 
when  they  were  added  after  the  assay  had  been  underway  for 
24  h.  Before  addition  of  the  inhibitors,  the  LEP  were  enriched  at 
the  core  and  were  surrounded  by  peripheral  MEPs  (P  <  0.001) 
(Fig.  4  C  and  C').  When  measured  at  48  h,  addition  of  ML-7  had 
obliterated  organization,  eliminating  any  difference  in  the  dis¬ 
tributions  of  the  lineages  (P  =  ns),  whereas  Y27632  had  pre¬ 
served  the  self-organized  LEP  cores  that  were  encircled  by  MEPs 
(P<0  .001)  (Fig.  4  C  and  C').  As  a  whole,  these  observations  are 
consistent  with  the  following  model:  ML-7  prevented  adherens 
junction  formation  or  maturation,  and  breaking  the  adherens 
junctions  prevented  cells  from  self-organizing  and  caused  disso¬ 
lution  of  already  organized  structures.  Conversely,  Y27632  pre¬ 
vented  adherens  junction  recycling,  so  the  cells  could  not  let  go  of 
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Fig.  4.  Self-organization  among  luminal  and  myoepithelial 
cells  is  driven  by  E-cadherin  activity.  04)  E-cadherin  protein 
expression  at  the  surface  of  LEPs  and  MEPs  in  the  presence  of 
ML-7  or  Y27632,  as  measured  by  flow  cytometry.  ( B )  Flow 
cytometry  analysis  of  recombinant  E-cadherin  (rEcad)  bind¬ 
ing  to  HMEC  cell  surfaces.  (C)  LEP  (green)  and  MEP  (red) 
distribution  maps  showing  the  impact  on  self-organization 
over  time  (time  points:  0  h,  24  h,  and  48  h)  when  the  inhib¬ 
itors  ML7  and  Y27632  were  added  at  0  h  or  after  24  h.  (C) 
Quantification  of  heat  maps  in  C  showing  changes  in  mean 
distribution  of  red  (MEP)  and  green  (LEP)  pixels  along  the 
radius  around  360°  of  arc  at  three  time  points:  green  lines 
show  0  h,  red  lines  show  24  h,  and  blue  lines  show  48  h.  SD  is 
shown  by  the  lightly  shaded  region  of  color  corresponding 
to  each  line.  Strain  240L  at  fourth  passage  was  used  for  all 
experiments. 
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one  another  to  sample  the  surrounding  microenvironment.  Thus, 
both  establishing  and  maintaining  organized  states  are  dynamic 
and  reversible  processes. 

Here  we  demonstrated  that  self-organization  of  mammary 
epithelial  cells  is  a  lineage-specific  process  that  is  principally  E- 
cadherin  driven;  however,  P-cadherin  also  may  play  a  role  in 
organizing  the  MEP  layer.  Unaltered  normal  finite-lifespan 
HMEC  and  the  microwell  assay  were  used  together  with  re¬ 
combinant  proteins  and  antibodies  that  blocked  specific  adherens 
junction  proteins.  The  elegant  proof-of-principal  experiments, 
which  that  showed  differential  levels  of  cell-cell  adhesion  mole¬ 
cules  can  drive  self-organizing,  were  performed  using  fibroblasts 
and  other  immortal  cell  lines  that  were  engineered  to  express 
different  levels  of  adherens  junction  proteins.  It  is  remarkable, 
given  the  undoubted  complexity  of  the  LEP  and  MEP  cell  sur¬ 
faces,  that  E-cadherin  plays  so  central  a  role  in  the  process  of 
self-organization  in  those  cells.  It  has  been  hypothesized  that  self¬ 
organizing  is  not  simply  the  result  of  differential  levels  of  cad- 
herin  expression  or  of  binding  affinities,  but  rather  that  adhesion 
energy  and  the  ability  to  remodel  cell-cell  junctions  are  crucial 
determinants  (22).  Dynamic  analysis  of  HMEC  in  the  microwell 
assay  platform  in  the  presence  of  actomyosin  inhibitors  provided 
support  for  that  hypothesis  in  the  context  of  mammary  gland  (Fig. 
4  C-C).  Elegant  time-lapse  imaging  studies  of  mouse  mammary 
organoid  morphogenesis  also  revealed  that  the  actomyosin 
inhibitors  Y27632  and  ML-7  disrupted  the  clean  bilayered  orga¬ 
nization  (15),  but  not  to  the  catastrophic  extent  observed  in  the 
HMEC  microwell  assay.  Because  the  mouse  mammary  organoids 
were  developed  in  vivo,  a  number  of  additional  cellular  inter¬ 
connectivities  crucial  for  tissue  stability  may  have  formed  that 
were  absent  in  our  recombined  system.  Although  we  focused 
on  cell-cell  E-cadherin  junctions,  other  adhesive  and  physical 
interactions,  such  as  desmosomal  interactions  between  LEPs  and 
MEPs  (23),  undoubtedly  are  important  in  maintaining  mammary 
gland  organization  and  bear  further  dissection.  Cell-extracellular 
matrix  (ECM)  interactions  also  will  likely  affect  sorting  in  vivo. 
Because  the  microwell  assay  uses  a  nonfouling  coating  to  prevent 
cell  adhesion,  the  adherens  junction  proteins  may  have  had 
a  more  pronounced  effect  on  self-organizing  than  they  would 
have  had  in  the  presence  of  ECM.  Atomic  force  microscopy 
analysis  of  LEP  and  MEP  on  plastic  dishes  indicated  that  LEP 
tended  to  be  softer  than  MEP.  However,  a  cultured  murine  ep¬ 
ithelial  cell  line  became  less  stiff  in  contact  with  laminin-111, 
a  principal  component  of  basement  membrane,  than  when  in 
contact  with  plastic  (24).  Therefore,  MEPs  in  vivo  may  be  less  or 
equally  as  stiff  as  LEPs  because  of  their  direct  contact  with 
basement  membrane.  Future  iterations  of  the  microwell  platform 
will  help  elucidate  more  of  the  factors  involved  in  making  stable 
and  organized  tissues. 

Studying  self-organizing  behavior  of  a  human  epithelium  ge¬ 
nerally  is  challenging  because  results  cannot  be  extrapolated 
easily  to  in  vivo  conditions.  However,  observations  of  breast 
cancer  pathogenesis  suggest  the  basic  mechanisms  described 
here  are  important  for  maintaining  mammary  gland  organiza¬ 
tion.  E-cadherin  expression  and  localization  frequently  are  mis- 
regulated  in  breast  cancers  (25-27),  and  loss  of  E-cadherin  is 
a  hallmark  of  the  epithelial-to-mesenchymal  transition,  which  is 
associated  with  invasive  and  aggressive  breast  cancer  (28).  The 
mechanisms  governing  self-organization  also  are  important  in 
the  context  of  regenerative  tissue  maintenance.  As  MEPs  and 
LEPs  are  produced  anew  by  mammary  progenitor  cells  in  vivo, 
they  must  adopt  their  appropriate  place  within  the  tissue,  or, 
alternatively,  the  progenitors  must  be  able  to  move  to  receive 
instructive  microenvironments  that  direct  cell-fate  decisions  (29). 
Understanding  tissue  self-organization  mechanisms  may  help 
explain  how  stem  cell  differentiation  and  maintenance  of  tissue 
architecture  in  adults  are  coordinated. 

Materials  and  Methods 

Cell  Culture.  HMEC  strains  were  established  and  maintained  according  to 
previously  reported  methods  (12,  30).  Cells  were  maintained  in  M87A  me¬ 


dium  and  used  for  assays  at  fourth  and  fifth  passages;  strain  240L  was  the  only 
strain  used  for  self-organizing  and  binding  assays. 

Microwell  Self-Organization  Assay.  Micropatterned  substrata  were  made 
according  to  Tan  et  al.  (31).  Polydimethylsiloxane  (PDMS)  microwell  arrays 
were  formed  by  curing  prepolymer  with  base:cure  ratio  of  10:1  (Sylguard 
184)  against  a  prepatterned  master.  The  arrays  of  wells  were  peeled  away 
and  were  cut  into  1-cm2  pieces  that  were  affixed  with  a  few  microliters  of 
uncured  PDMS  to  the  bottom  of  a  24-well  plate  (Mitek).  Plates  with  micro¬ 
wells  were  UV  oxidized  for  7  min  (UVO-Cleaner  42;  Jelight  Co.),  blocked  with 
2  mg/mL  BSA  (Sigma)  for  1  h  under  vacuum,  and  rinsed  with  PBS  and  M87A. 
All  self-organizing  experiments  were  conducted  with  HMEC  strain  240L. 
Flow  cytometry-sorted  HMEC  were  stained  with  CM-Dil,  SP-DiOC18  (3),  or 
DilCI 8(5)-DS  (Invitrogen),  used  at  1:1,000  in  PBS  for  5  min  at  37  °C  followed 
by  1 5  min  at  4  °C.  Cells  were  washed  extensively  with  medium  after  staining. 
Dye-stained  HMEC  were  mixed  at  a  ratio  of  1:1  (LEP:MEP)  or  1:1  (randomly 
stained  green:red  HMEC  cultures)  and  were  resuspended  in  M87A  at  1  mil¬ 
lion  cells/mL.  Inhibitors  were  added  to  the  cell  suspensions  just  before  HMEC 
were  introduced  into  the  wells  and  were  allowed  to  load  for  30-60  min. 
Excess  cells  were  washed  away  with  medium;  inhibitors  then  were  added 
to  the  medium  after  excess  cells  were  washed  away  and  at  every  medium 
change.  anti-E-cadherin  (1 00  ng/mL clone  HECD-1 ;  Invitrogen);  anti-E-cadherin 
(100  ^ig/mL  clone  HECD-1;  Invitrogen);  anti-P-cadherin  (100  ^ig/mL  clone  NCC- 
CAD-299;  Abeam);  recombinant  human  (rh)E-cadherin-Fc  (recEcad,  100  ng/mL; 
R&D  Systems);  rhVE-cadherin  (100  |ag/mL;  R&D  Systems);  Y27632  (10~5  M; 
Calbiochem);  or  ML-7  at  3  x  10~6  M  (Calbiochem).  HMEC  were  imaged  at  0,  24, 
or  48  h  with  a  spinning  disk  confocal  microscope  (Carl  Zeiss).  Red  and 
green  fluorescence  channels  in  images  taken  at  the  ~25-|im  z  axis  positions  of 
30  wells  from  each  condition  at  each  time  point  were  binarized  using  the 
Threshold  function,  merged  into  a  Z-stack,  and  then  averaged  using  ImageJ 
software  (National  Institutes  of  Health).  Gray-scaled  average  images  corre¬ 
sponding  to  LEP  and  MEP  were  merged  into  a  single  image  with  red  or  green 
look-up  tables  applied  to  each  average  image. 

Heat  maps  were  normalized  to  the  highest  intensity  value  and  were  used 
to  quantify  sorting  using  the  expression  log2(mean  green  pixel  intensity/ 
mean  red  pixel  intensity).  A  script  was  written  using  MATLAB  (Mathworks) 
to  plot  differential  intensity  as  a  function  of  the  distance  from  the  center 
and  to  compute  the  average  plot  from  0  of  0-360°  (Fig  S2). 

Flow  Cytometry  Sorting  and  Assays.  HMEC  at  fourth  or  fifth  passage  were 
trypsinizedand  resuspended  in  medium.  For  enrichment  of  LEPand  MEPimages, 
anti-CD227-FITC  (clone  HMPV;  BD)  or  anti-CDIO-PE  (clone  HllOa;  BioLegend) 
was  added  to  the  medium  at  1:50  for  25  min  on  ice.  HMECthen  were  washed  in 
PBS  and  sorted  on  a  FACS  Vantage  DIVA  (BD)  into  their  own  medium. 

E-cadherin  expression  on  LEP  and  MEP  was  measured  by  addition  of  anti- 
E-cadherin-A647  (clone  67A4;  Biolegend)  to  the  above  mixture  at  1:50. 

Atomic  Force  Microscopy  Measurements  of  Stiffness.  Once  samples  were 
equilibrated  to  25  °C,  cell  deformity  was  measured,  and  stiffness  was  cal¬ 
culated  as  previously  described  (24).  The  resulting  data  were  plotted  using 
Prism(GraphPad  Software)  (n  =  45). 

Statistics.  E-cadherin  images  and  atomic  force  microscopy  were  analyzed 
using  the  Kruskal-Wallis  test  and  Dunn's  test  for  multiple  comparisons,  using 
a  95%  confidence  interval.  Differences  between  first  and  third  thirtiles  of 
log2  (mean  green  fluorescence/mean  red  fluorescence)  per  pixel  plotted  as 
a  function  of  distance  from  the  center  were  analyzed  by  one-way  ANOVA, 
using  Bartlett's  test  for  equal  variance  and  followed  by  a  Tukey's  test  for 
multiple  comparison  using  a  99.9%  confidence  interval.  Statistics  were 
computed  with  Prism  (GraphPad  Software,  Inc.). 
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Oncogene-induced  senescence  (OIS),  the  proliferative  arrest  en¬ 
gaged  in  response  to  persistent  oncogene  activation,  serves  as  an 
important  tumor-suppressive  barrier.  We  show  here  that  finite 
lifespan  human  mammary  epithelial  cells  (HMEC)  undergo  a  p16/ 
RB-  and  p53-independent  OIS  in  response  to  oncogenic  RAS  that 
requires  TGF-p  signaling.  Suppression  of  TGF-p  signaling  by  expres¬ 
sion  of  a  dominant-negative  TGF-p  type  II  receptor,  use  of  a  TGF-p 
type  I  receptor  inhibitor,  or  ectopic  expression  of  MYC  permitted 
continued  proliferation  upon  RAS  expression.  Surprisingly,  unlike 
fibroblasts,  shRNA-mediated  knockdown  of  ATM  or  CHK2  was  un¬ 
able  to  prevent  RAS-mediated  OIS,  arguing  that  the  DNA  damage 
response  is  not  required  for  OIS  in  HMEC.  Abrogation  of  TGF-p 
signaling  not  only  allowed  HMEC  lacking  p53  to  tolerate  oncogenic 
RAS  but  also  conferred  the  capacity  for  anchorage-independent 
growth.  Thus,  the  OIS  engaged  after  dysregulated  RAS  expression 
provides  an  early  barrier  to  malignant  progression  and  is  mediated 
by  TGF-p  receptor  activation  in  HMEC.  Understanding  the  mecha¬ 
nisms  that  initiate  and  maintain  OIS  in  epithelial  cells  may  provide 
a  foundation  for  future  therapies  aimed  at  reengaging  this  pro¬ 
liferative  barrier  as  a  cancer  therapy. 

breast  cancer  |  tumor  suppressor 

Cancer  cells  acquire  errors  that  impart  behaviors  not  present 
in  their  normal  cells  of  origin.  Such  altered  capacities  include 
(i)  loss  of  sensitivity  to  antigrowth  and/or  proapoptotic  signals, 
(«)  constitutive  growth  signaling,  (iii)  unlimited  replication  po¬ 
tential,  and  (iv)  invasive  potential  (1).  Early  studies  using  normal 
mouse  cells  indicated  that  a  limited  set  of  genetic  manipulations 
could  confer  neoplastic  potential  (2).  However,  normal  human 
cells  have  been  more  difficult  to  transform  to  malignancy,  in¬ 
dicative  of  their  more  stringent  tumor-suppressive  pathways. 
Extensive  study  of  cultured  human  mammary  epithelial  cells 
(HMEC)  has  identified  two  senescence  barriers.  One  involves 
the  stress-associated  induction  of  the  cyclin-dependent  kinase 
inhibitor  pl6  before  attaining  critically  short  telomeres.  This 
stasis  barrier  can  be  overcome  by  inhibiting  pi 6,  allowing  con¬ 
tinued  proliferation,  which  results  in  agonescence,  a  proliferative 
barrier  mediated  by  telomere  depletion  (3).  Additionally,  the 
ability  of  dysregulated  oncogenic  signaling  to  induce  senescence 
in  human  cells  has  implicated  oncogene-induced  senescence 
(OIS)  as  an  important  tumor-suppressive  barrier.  A  number  of 
recent  studies  have  demonstrated  the  physiological  relevance  of 
OIS  in  human  tumorigenesis  and  in  vivo  tumor  mouse  models 
(4).  Additionally,  the  presence  of  senescent  cells  in  benign  but 
not  advanced  tumors  argues  that  OIS  serves  as  an  early  tumor- 
suppressive  barrier  that  needs  to  be  dismantled  for  full  on¬ 
cogenic  progression  (4).  In  human  fibroblasts,  OIS  could  be 
bypassed  by  disabling  pi 6  or  molecular  components  of  the  DNA 
damage  response  (DDR),  including  ATM,  CHK2,  or  p53,  before 
RAS,  MOS,  or  STAT5  overexpression  (5-9).  However,  OIS  in 
HMEC  has  been  shown  to  be  independent  of  p53  and  the  pi  6- 
RB  pathway  after  oncogenic  RAF-1  expression  (10).  The  con¬ 
trasting  responses  between  epithelial  and  fibroblast  cells  argue 
that  the  signaling  networks  responsible  for  OIS  have  tissue  speci¬ 
ficity.  Indeed,  fibroblasts  and  epithelial  cells  can  have  markedly 


different  responses  to  cytokines  such  as  TGF-p,  which  inhibits 
HMEC  growth  while  promoting  the  growth  of  isogenic  fibroblasts 
(11).  Furthermore,  there  are  significant  cell-type  differences  in 
requirements  for  RAS  effector  signaling  for  malignant  transfor¬ 
mation  (12).  Understanding  the  tumor-suppressive  pathways  that 
prevent  breast  cancer  is  therefore  best  performed  using  HMEC, 
the  cell  of  origin  for  the  majority  of  human  breast  cancers. 

We  show  here  that  activated  RAS  expression  induces  HMEC  to 
undergo  a  pi 6-  and  p53 -independent  senescence  that  requires  the 
TGF-p  receptor.  In  contrast  to  studies  performed  using  fibroblasts, 
shRNA-mediated  knockdown  of  ATM  or  CHK2  did  not  prevent 
RAS-mediated  OIS  in  HMEC  lacking  p53.  However,  suppression 
of  TGF-p  signaling  by  expressing  a  dominant-negative  TGF-p  type 
II  receptor,  use  of  a  TGF-p  type  I  receptor  inhibitor,  or  ectopic 
expression  of  MYC  prevented  RAS-mediated  OIS,  and  together 
with  loss  of  pl6  and  p53  function,  permitted  the  expansion  of 
HMEC  with  a  malignant  phenotype.  Understanding  the  unique 
tumor-suppressive  responses  that  are  engaged  in  human  breast 
epithelial  cells  can  provide  a  foundation  for  future  therapies 
aimed  at  reengaging  these  suppressive  pathways. 

Results 

Recently  identified  cell-type-specific  requirements  for  trans¬ 
formation  indicate  that  unique  tumor-suppressive  mechanisms 
exist  to  protect  each  tissue  from  cancer  development  (12).  To 
examine  the  growth-suppressive  mechanisms  underlying  RAS- 
mediated  OIS  in  HMEC,  we  first  examined  the  role  of  p53.  An 
shRNA  targeting  p53  and  a  control  shGFP  were  delivered  by 
lentiviral  transduction  to  postselection  HMEC,  which  lack  pi 6 
expression  owing  to  promoter  methylation  (13,  14).  Western 
analysis  confirmed  the  knockdown  of  p53  protein  levels  in  the 
shp53-HMEC  and  the  abrogation  of  p53-dependent  transacti¬ 
vation  of  target  genes  HDM2  and  p21  in  response  to  Nutlin-3, 
a  p53-stabilizing  compound  (Fig.  SL4).  Furthermore,  treatment 
of  shGFP-HMEC  with  Nutlin-3  resulted  in  p53-mediated  growth 
arrest,  whereas  the  shp53-HMEC  were  unaffected  (Fig.  SIB). 
The  shGFP-HMEC  and  shp53-HMEC  were  next  examined  for 
their  response  to  activated  RAS  by  infecting  them  with  a  retro¬ 
virus  encoding  RAS-G12V  or  a  control  vector  (V).  Both  HMEC 
cultures  were  strongly  growth  inhibited,  as  determined  by  cell 
counts  5  d  after  infection  (Fig.  L4).  The  RAS-expressing  cells 
exhibited  an  increase  in  cell  size,  cell  spreading,  vacuolization, 
and  multinucleated  cellular  morphology  typical  of  senescence 
(15)  and  stained  positively  for  the  presence  of  senescence-asso¬ 
ciated  p-galactosidase  activity  (Fig.  IB  and  Fig.  S2).  Western 
analysis  confirmed  the  expression  of  RAS-G12V,  the  induction 
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of  the  cyclin-dependent  kinase  inhibitor  p21,  and  a  consequent 
decrease  in  phosphorylated  RB  protein  levels,  even  in  the  ab¬ 
sence  of  p53  (Fig.  1C).  In  addition  to  inactivating  p53  using  an 
shRNA,  we  expressed  a  dominant-negative  p53  [GSE56  (16)]  and 
observed  a  similar  RAS-mediated  OIS  in  both  the  presence  and 
absence  of  p53  function  (Fig.  ID  and  Fig.  S3).  We  next  examined 
whether  various  RAS-G12V  point  mutants  capable  of  activating 
specific  effector  pathways  also  elicited  OIS  (12).  RAS-G12V 
mutants  capable  of  activating  only  RAF,  PI3K,  or  RAL-GEF 
were  unable  to  induce  p21  expression  or  suppress  the  growth  of 
shp53-HMEC  (Fig.  S4),  confirming  that  RAS-mediated  OIS  is 
dependent  on  multiple  RAS-signaling  effectors. 

Previous  reports  using  fibroblasts  demonstrated  a  requirement 
for  DDR  proteins,  including  ATM  and  CHK2,  in  RAS-G12V- 
mediated  senescence  (4,  9,  17).  To  determine  whether  the  pl6/ 
p53-independent  senescence  in  HMEC  was  dependent  on  ATM  or 
CHK2,  we  used  shRNAs  targeting  ATM  or  CHK2  to  knock  down 
their  expression  in  shp53-HMEC  (Fig.  IE).  The  shp53/shGFP- 
HMEC,  shp53/shATM-HMEC,  and  shp53/shCHK2-HMEC  were 
further  infected  with  a  control  retrovirus  or  a  retrovirus  encoding 
RAS-G12V,  and  cell  number  was  quantified  after  5  d  and  plotted 
as  relative  growth  (Fig.  IF).  The  results  indicate  that  ATM  and 
CHK2  are  dispensable  for  the  pl6/p53-independent  senescence 
induced  by  RAS-G12V.  Furthermore,  a  negative  feedback  signal¬ 
ing  network  responsible  for  suppressing  PI3K/AKT  and  ERK 
signaling  has  been  observed  after  the  aberrant  activation  of  RAS 
(18).  In  contrast,  we  observed  sustained  AKT  and  ERK  activation 
4  d  after  RAS-G12V  expression,  well  after  these  signals  were  ter¬ 
minated  in  fibroblasts  (Fig.  S5).  We  conclude  that  HMEC,  in 
contrast  to  human  fibroblasts,  do  not  require  pl6,  p53,  ATM, 
CHK2,  or  suppression  of  RAS  effectors  to  mount  a  senescence 
response  after  aberrant  oncogene  activation,  indicative  of  cell  type 
specificity  in  OIS  mechanisms. 

In  murine  keratinocytes,  expression  of  v-RAS  led  to  OIS  as¬ 
sociated  with  elevated  expression  of  p^^17,  p53,  pl5,  and  pl6 
and  secretion  of  TGF-P;  abrogation  of  TGF-p  signaling  sup¬ 
pressed  the  OIS  phenotype  (19).  Therefore,  we  examined  the 
role  of  TGF-p  signaling  in  the  pl6/p53-independent  HMEC  OIS. 
Shp53-HMEC  were  infected  with  RAS-G12V,  and  the  expres¬ 
sion  of  TGF-p  was  examined  over  4  d.  TGF-P2  expression  was 
elevated  within  24  h  of  RAS-G12V  infection  and  strongly  de¬ 
tected  at  96  h  (Fig.  24).  To  determine  the  importance  of  TGF-p 
signaling  to  the  RAS-G12V-mediated  OIS,  we  treated  shp53- 
HMEC  with  SB431542,  a  TGF-p  type  I  receptor  antagonist, 
before  expressing  RAS-G12V  (20).  Treatment  of  shp53-HMEC 
with  SB431542  resulted  in  a  significant  increase  in  cell  number 


5  d  after  RAS-G12V  infection  compared  with  control  cells  (Fig. 
2 B).  However,  the  protection  from  OIS  was  not  permanent: 
removal  of  the  inhibitor  led  to  reduced  proliferation  and 
growth  arrest  (Fig.  2C).  We  next  examined  whether  a  dominant¬ 
negative  TGF-p  type  II  receptor  (DN-TGFpRII)  could  also  rescue 
cells  from  RAS-mediated  OIS.  Shp53-HMEC  were  infected  with 
a  retrovirus  encoding  DN-TGFpRII  or  an  empty  vector  and  sub¬ 
sequently  infected  with  a  retrovirus  encoding  RAS-G12V.  Similar 
to  our  observation  with  the  TGF-p  type  I  receptor  antagonist,  the 
shp53/DN-TGFpRII-HMEC  maintained  proliferation  after  RAS- 
G12V  expression  (Fig.  2D).  TGF-p  signaling  occurs  by  the  ligand- 
mediated  assembly  of  a  receptor  complex  involving  TGF-p  type  I 
and  II  receptor  subunits.  Therefore,  inhibition  of  either  the  type 
I  or  type  II  receptor  blocks  signaling  from  the  TGF-p  receptor 
complex.  These  data  suggest  that  the  pl6/p53 -independent  OIS  in 
HMEC  is  dependent  on  functional  TGF-p  signaling  and  that  ab¬ 
rogating  the  TGF-p  signaling  pathway  will  permit  ongoing  pro¬ 
liferation  in  the  presence  of  activated  oncogenic  RAS. 

Canonical  TGF-p-mediated  arrest  involves  TGF-p  type  I/II  re¬ 
ceptor  oligomerization  and  activation,  resulting  in  a  SMAD-medi- 
ated  induction  of  CDK  inhibitors  pl5  and  p21.  Induction  of  CDK 
inhibitors  results  in  RB  family  member  hypophosphorylation 
and  RB/E2F-mediated  transcriptional  repression.  To  determine 
whether  RAS-mediated  OIS  requires  RB  and  RB  family  members 
pl07  and  pl30,  we  created  HMEC  expressing  a  number  of  SV40 
large  T  proteins  (21).  These  include  wild-type  large  T,  a  K1  mutant 
that  specifically  inactivates  p53,  and  a  A434-444  mutant  that  spe¬ 
cifically  inactivates  RB.  Again,  each  large  T  mutant  capable  of 
inactivating  p53  rendered  cells  resistant  to  Nutlin-3,  yet  they 
remained  susceptible  to  RAS-mediated  OIS.  Moreover,  both  large 
T  mutants  capable  of  inactivating  RB  and  RB  family  members  also 
remained  sensitive  to  RAS-mediated  OIS  (Fig.  S6).  Consistent  with 
RAS-mediated  OIS  being  independent  of  the  pl6/RB  axis,  we  did 
not  observe  senescence-associated  heterochromatin  foci  (SAHF) 
after  RAS  expression,  despite  the  strong  SA-p-galactosidase  stain¬ 
ing  (Fig.  S7).  This  was  not  unexpected  because  SAHF  has  recently 
been  linked  to  senescence  that  is  mediated  by  DNA  damage  or 
pl6  activation  (22,  23).  Finally,  we  examined  whether  RAS-induced 
senescence  was  mediated  through  p21  by  creating  shp53-HMEC 
expressing  an  shRNA  targeting  p21.  These  shp53/shp21-HMEC 
also  remained  susceptible  to  RAS-mediated  OIS  (Fig.  S8).  There¬ 
fore,  our  data  demonstrate  that  RAS-mediated  OIS  in  HMEC  is 
independent  of  pl6,  p53,  ATM,  CHK2,  p21,  RB,  pl07,  and  pl30. 

Previous  studies  have  shown  that  HMEC  no  longer  sensitive  to 
OIS  may  acquire  malignancy-associated  properties  when  ex¬ 
posed  to  aberrant  oncogenic  signaling  (10).  We  therefore  tested 
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Fig.  1.  RAS-mediated  OIS  is  independent  of  p53f  pi  6,  and 
DDR  proteins.  ( A-C )  Shp53-HMEC  were  infected  with  a  RAS- 
G12V-expressing  retrovirus  or  control  retrovirus  (Vector). 
Infected  cells  were  plated,  grown  for  5  d,  and  counted  (A), 
representative  images  were  acquired  ( B ,  Upper)  or  stained  for 
the  presence  of  senescence-associated  p-galactosidase  activity 
(B,  Lower),  and  Western  analysis  performed  to  determine  p21 
and  phosphorylated  RB  protein  levels.  (D)  GSE56-HMEC  were 
infected  with  a  RAS-G12V-expressing  retrovirus  or  control 
retrovirus  (Vector),  1  x  105  cells  were  plated,  grown  for  5  d, 
and  counted.  (E  and  F)  Shp53-HMEC  were  infected  with  ret¬ 
roviruses  encoding  shRNAs  targeting  ATM,  CHK2,  or  GFP.  The 
knockdown  of  ATM  and  CHK2  was  confirmed  by  Western 
analysis  (E),  and  the  shRNA-expressing  cells  were  infected  with 
a  retrovirus  encoding  RAS-G12V  or  a  control  retrovirus  (Vec). 
Infected  cells  were  plated,  grown  for  5  d,  and  counted. 
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Fig.  2.  TGF-p  signaling  is  required  for  RAS-mediated  OIS.  (A) 
RAS-G12V-infected  Shp53-HMEC  were  subjected  to  Western 
analysis  for  TGF-(32,  RAS,  and  E-cadherin  at  the  indicated 
time  points.  ( B )  Shp53-HMEC  were  pretreated  with  SB431542, 
a  TGF-p  receptor  I  antagonist,  infected  with  a  retrovirus 
encoding  RAS-G12V,  plated,  grown  for  5  d,  and  counted.  (C) 
Shp53-RAS-G  1 2V-HM EC  grown  in  the  presence  of  SB431542 
were  plated  in  the  presence  (+)  or  absence  (-)  of  the  inhibitor, 
and  relative  growth  was  measured  after  5  d.  (D)  Shp53/DN- 
TGF(3RII/-HMEC  were  infected  with  a  retrovirus  encoding  RAS- 
G12V  or  control  retrovirus  (Vector)  and  relative  growth  de¬ 
termined  5  d  after  RAS-G12V  infection.  (£)  Representative 
images  of  Shp53/DN-TGFpRII/RAS-G12V-HMEC  and  control 
Shp53/DN-TGF(3RIIA/ector-HMEC.  (E)  Shp53/DN-TGFpRII/RAS- 
G12V-HMEC  or  control  Shp53/DN-TGFpRIIA/ector-HMEC  were 
examined  for  AIG  in  the  presence  or  absence  of  SB431542. 


whether  HMEC  deficient  in  three  prominent  tumor-suppressor 
pathways  (pl6,  p53,  and  TGF-p  signaling)  and  resistant  to  OIS 
had  acquired  properties  of  malignant  transformation.  Indeed, 
the  shp53/DN-TGFpRII/RAS-HMEC  appeared  morphologically 
distinct  from  control  cells,  growing  as  aggregates  with  diminished 
attachment  to  the  substratum  (Fig.  2 E).  To  determine  whether 
the  shp53/DN-TGFpRII/RAS-HMEC  were  malignantly  trans¬ 
formed,  they  were  plated  into  soft  agar  to  assay  for  anchorage- 
independent  growth  (AIG).  Shp5 3/DN -T GF pRII/RAS-HMEC 
efficiently  formed  anchorage-independent  colonies,  whereas 
control  shp53/DN-TGFpRII/Vector-HMEC  failed  to  form  col¬ 
onies  (Fig.  2 F).  Addition  of  the  TGF-p  type  I  receptor  antagonist 
SB431542  failed  to  increase  AIG  in  the  control  shp53/DN- 
TGFpRII-HMEC.  These  results  indicate  that  RAS  expression 
promotes  AIG  in  shp53-HMEC  in  the  absence  of  functional 
TGF-p  signaling,  but  inhibition  of  TGF-p  signaling  alone  is  not 
sufficient  for  AIG.  Further,  because  SB431542  did  not  enhance 
the  AIG  observed  in  the  shP53/DN-TGFpRII/RAS-HMEC,  we 
conclude  that  inhibition  of  either  TGFpRI  or  TFGpRII  is  suf¬ 
ficient  to  cooperate  with  RAS-G12V  to  induce  a  malignancy- 
associated  phenotype  in  the  shp53-HMEC. 

We  also  examined  a  small  population  of  shp53-HMEC  that 
grew  out  of  the  senescent  cultures  after  RAS  expression  (Fig.  3  A 
and  B).  Our  hypothesis  was  that  cells  capable  of  tolerating  RAS 
expression  would  need  to  first  dismantle  OIS  signaling,  which 
involves  TGF-p.  However,  the  RAS-resistant  shp53-HMEC  (RAS- 
R  cells)  that  grew  out  of  the  senescent  cultures  for  20  d  expressed 
significantly  less  RAS-G12V  than  the  senescent  cultures  examined 
4  d  after  infection  (Fig.  3C).  In  addition,  the  RAS-R  cells  re¬ 
mained  sensitive  to  growth  inhibition  in  response  to  exogenous 
TGF-p  and  were  unable  to  efficiently  form  anchorage-indepen¬ 
dent  colonies  (Fig.  3D).  Surprisingly,  treatment  of  these  RAS-R 
cells  with  SB431542  significantly  enhanced  AIG,  arguing  that 
TGF-p  signaling  was  intact  and  functioning  to  suppress  AIG. 
Treatment  of  control  shp53-HMEC  lacking  RAS  expression  with 
SB431542  failed  to  promote  AIG,  confirming  that  combined 
expression  of  low  levels  of  RAS-G12V  and  TGF-p  receptor  in¬ 
hibition  promotes  malignant  transformation.  We  conclude  that 
cells  expressing  a  low  level  of  RAS  did  not  engage  a  TGF-p- 
mediated  senescence,  because  they  remained  sensitive  to  exoge¬ 
nous  TGF-p.  Our  data  suggest  that  this  acquired  resistance  to 
the  cytostatic  effects  of  TGF-p  is  required  for  malignant  trans¬ 
formation. 

MYC  is  an  oncoprotein  frequently  overexpressed  in  breast 
cancer  and  is  shown  to  suppress  the  cytostatic  effects  of  TGF-p 
(24).  Therefore,  we  examined  whether  elevated  expression  of 


MYC  could  rescue  HMEC  from  RAS-mediated  OIS.  Shp53- 
HMEC  were  infected  with  a  retrovirus  encoding  MYC  or  an 
empty  vector  and  subsequently  infected  with  a  retrovirus  encoding 
RAS-G12V  (Fig.  4  A  and  B).  Control  shp53/Vector-HMEC  un¬ 
derwent  RAS-mediated  OIS,  whereas  shp53/MYC-HMEC  con¬ 
tinued  proliferating  in  the  presence  of  RAS-G12V  (Fig.  4 B).  As 
expected,  HMEC  expressing  either  MYC  or  DN-TGFpRII  were 
also  resistant  to  the  growth-inhibitory  properties  of  exogenous 
TGF-p  treatment  (Fig.  4C).  Our  data  thus  far  define  a  significant 
role  for  TGF-p  signaling  in  (/)  OIS  induction  and  (ii)  suppress¬ 
ing  malignant  transformation  in  the  absence  of  pl6/RB  and  p53 
signaling.  However,  although  p53  loss  was  unable  to  overcome 
the  OIS  barrier,  p53  may  still  have  a  role  in  suppressing  AIG.  To 


A  Vector  RAS-G12V  g 
(4  days)  (4  days) 


RAS-G12V  RAS-G12V 
(12  days)  (16  days)  z 


Days 


Q  4  days  20  days 

Vec  RAS  Vec  RAS 


RAS(light) 

RAS(dark) 

p21 


GAPDH  - 


Q  1600 


(mM)  Vector  RAS 


Fig.  3.  TGF-p  signaling  must  be  inhibited  for  HMEC  transformation.  ( A-C ) 
Representative  images  (A),  growth  curves  ( B ),  and  Western  analysis  (C)  for 
RAS,  p21,  and  GAPDH  of  shp53-HMEC  infected  with  a  retrovirus  encoding 
RAS-G12V  or  a  control  retrovirus  at  the  indicated  time  points  after  infection. 
(D)  Vector  and  RAS-R  cells  were  examined  for  AIG  in  the  absence  or  presence 
of SB431542. 
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test  this,  HMEC  and  shp53-HMEC  were  infected  with  retro¬ 
viruses  encoding  MYC  and  RAS-G12V,  either  alone  or  in 
combination.  Western  analysis  of  each  of  the  HMEC  cultures 
failed  to  identify  known  senescence-associated  signaling  as  can¬ 
didates  responsible  for  the  OIS.  For  example,  p53  was  phos- 
phorylated  and  stabilized,  CHK2  was  phosphorylated,  and 
pl4ARF  was  induced  by  MYC  expression  alone  but  not  by  RAS- 
G12V  expression  alone  (Fig.  AD)  (25).  Despite  the  elevated 
levels  of  pl4ARF,  p53,  and  DNA  damage-responsive  signaling, 
MYC  expression  in  HMEC  with  or  without  shp53  does  not  in¬ 
duce  a  senescent  phenotype  (Fig.  AE).  In  contrast,  RAS-G12V 
expression  did  not  induce  pl4ARF,  p53,  or  DNA  damage-re¬ 
sponsive  signaling,  yet  induced  a  senescent  phenotype  in  the  both 
the  presence  or  absence  of  p53  (Fig.  AE). 

Each  HMEC  culture  was  next  assessed  for  AIG.  HMEC  and 
shp53-HMEC  expressing  MYC  or  RAS-G12V  alone  formed  col¬ 
onies  inefficiently.  In  contrast,  expression  of  both  MYC  and  RAS 
together  promoted  AIG,  with  a  significant  increase  in  colony 
number  when  p53  was  abrogated  (Fig.  AF).  We  confirmed  that 
p53  remained  fully  functional  in  the  MYC/RAS-HMEC  using 
Nutlin-3,  which  induced  a  potent  p53-dependent  growth  arrest 
(Fig.  S9).  Interestingly,  these  data  demonstrate  that  acquisition  of 
AIG  in  HMEC  can  occur  independent  of  human  telomerase  re¬ 
verse  transcriptase  (hTERT)  expression  or  immortality,  because 
the  HMEC  used  in  this  study  were  not  previously  immortalized  by 
exogenous  hTERT  or  reactivation  of  endogenous  hTERT.  How¬ 
ever,  both  the  MYC/RAS-HMEC  and  shp53/MYC/RAS-HMEC 
cultures  formed  significantly  fewer  colonies  at  later  passages  and, 
despite  their  capacity  for  AIG,  eventually  stopped  proliferating. 
These  data  support  the  contention  that  telomerase  activation  is  a  key 
rate -limiting  step  in  malignant  progression,  and  further  analysis  is 
currently  underway  (26). 


The  postselection  HMEC  used  thus  far  have  overcome  stasis, 
the  stress-associated  senescence  barrier,  by  selecting  for  pl6  pro¬ 
moter  methylation  (3).  In  that  process,  they  also  acquired  addi¬ 
tional  aberrant  properties,  including  numerous  DNA  methylation 
changes  (3,  27).  We  thus  extended  this  work  by  examining  normal, 
prestasis  HMEC  transduced  with  an  shRNA  targeting  pl6;  this 
population  does  not  express  the  aberrant  methylation  seen  with 
the  postselection  HMEC  (3).  Shpl6-HMEC  were  infected  with 
shp53  or  control  vector,  and  shpl6-HMEC  and  shpl6/shp53- 
HMEC  were  further  transduced  with  MYC  and  RAS-G12V  alone 
or  in  combination.  The  results  for  AIG  capacity  were  similar  to 
what  was  seen  with  postselection  HMEC  (Fig.  4  G  and  H).  These 
data  indicate  that  the  ability  of  MYC  and  RAS  to  promote  AIG  in 
HMEC  lacking  pi 6  and  p53  does  not  depend  on  the  particular 
aberrations  present  in  the  postselection  cultures. 

Prior  studies  in  HMEC  have  correlated  the  level  of  RAS- 
G12V  expression  with  AIG  (28).  Therefore,  we  altered  the  level 
of  RAS-G12V  expression  using  different  retroviral  vectors  in 
postselection  MYC-HMEC  and  shp53/MYC-HMEC.  Increasing 
RAS  levels  increased  the  AIG  of  shp53-HMEC  until  a  critical 
threshold  was  surpassed,  resulting  in  reduced  AIG  (Fig.  5/4). 
Again,  HMEC  with  wild-type  p53  exhibited  significantly  less  AIG 
in  the  presence  of  MYC  and  RAS  than  shp53-HMEC  (Fig.  5/4). 
Thus,  we  conclude  that  p53  is  not  required  to  suppress  OIS  but 
remains  a  suppressor  of  malignant  transformation.  Interestingly, 
each  population  of  cells  recovered  from  soft  agar  expressed 
a  level  of  RAS-G12V  that  was  significantly  reduced  from  that  of 
the  initial  population  (Fig.  5B),  similar  to  previous  studies  using 
RAF-1  (10).  These  findings  argue  that,  in  tumor-derived  cells 
harboring  a  RAS  mutation,  the  OIS  response  may  be  abrogated 
by  elevating  MYC  expression.  To  examine  whether  MYC  deple¬ 
tion  in  tumor-derived  cells  harboring  activating  RAS  mutations 
would  reactivate  a  senescence  program,  we  infected  epithelial 
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Fig.  4.  Neoplastic  transformation  of  HMEC.  ( A  and 
B )  Shp53-expressing  HMEC  were  infected  with 
a  retrovirus  encoding  MYC  or  an  empty  vector  (A) 
and  subsequently  infected  with  a  retrovirus  encod¬ 
ing  RAS-G12V.  Relative  growth  was  determined  5  d 
after  RAS-G12V  infection  (B).  (C)  Shp53-HMEC  ex¬ 
pressing  MYC  or  DN-TGFpRII,  or  control  cells  (vector) 
were  plated  in  the  presence  (+)  or  absence  (-)  of 
TGF-(3  (10  ng/mL)  and  relative  growth  determined 
after  5  d.  (D)  Western  analysis  of  HMEC  and  shp53- 
HMEC  expressing  GFP,  RAS-G12V,  MYC,  or  RAS-G12V 
and  MYC  together.  (£)  Representative  images  of 
shp53-HMEC  and  shGFP-HMEC  infected  with  a  ret¬ 
rovirus  encoding  GFP,  RAS-G12V,  MYC,  or  MYC  and 
RAS  together.  (E)  shGFP-HMEC  and  shp53-HMEC 
were  infected  with  retroviruses  encoding  MYC  and 
RAS-G12V,  either  alone  or  in  combination,  and  as¬ 
sessed  for  AIG.  (G)  Shp16-HMEC  and  shp16/shp53- 
HMEC  were  infected  with  retroviruses  encoding 
MYC  and  RAS-G12V,  either  alone  or  in  combination, 
and  assessed  for  AIG.  ( H )  Western  analysis  of  shp16- 
HMEC  and  shp16/shp53-HMEC  expressing  GFP,  RAS- 
G12V,  MYC,  or  RAS-G12V  and  MYC  together. 
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cancer  cell  lines  containing  high  levels  of  MYC  expression  and 
RAS  mutations  with  lentiviruses  that  encode  an  shRNA  target¬ 
ing  GFP  or  MYC.  In  two  triple-negative  breast  cancer  cell  lines, 
MDA231  (K-RAS-G13D)  and  Hs578T  (H-RAS-G12D),  abla¬ 
tion  of  MYC  resulted  in  a  dramatic  decrease  in  relative  growth 
and  positive  staining  for  SA-p-galactosidase  activity  (Fig.  5C).  In 
addition,  ablation  of  MYC  from  lung  and  colon  cancer  cell  lines 
harboring  RAS  mutations,  including  A549  (K-RAS-G12S), 
H1299  (A-RAS-Q61K),  and  LoVo  (K-RAS-G13D),  resulted  in 
a  similar  senescent  phenotype  (Fig.  S10).  We  conclude  that  de¬ 
pletion  of  MYC  from  tumor-derived  cells  harboring  activating 
RAS  mutations  results  in  reactivation  of  a  senescence  program. 

Discussion 

It  is  clear  from  recent  studies  that  OIS  is  a  critical  tumor-sup¬ 
pressive  barrier  in  vivo,  because  senescent  cells  are  commonly 
identified  in  early  hyperplastic  lesions  and  naevi  (4).  A  number 
of  genetic  and  epigenetic  events  can  result  in  the  generation  of 
dysregulated  proliferative  signals,  which  trigger  OIS  in  normal 
cells.  Acquiring  the  errors  needed  to  overcome  OIS  allows  pre- 
cancerous  cells  to  continue  toward  neoplastic  transformation, 
because  the  same  oncogenes  that  previously  induced  growth 
arrest  now  induce  malignancy-associated  properties  such  as  AIG. 
To  date,  much  of  the  work  delineating  OIS  has  been  performed 
using  rodent  and  human  fibroblasts,  identifying  pl6,  RB,  DDR 
proteins,  and  p53  as  important  signaling  components  necessary 
for  OIS.  Abrogation  of  p53,  ATM,  CHK2,  or  pl9ARF  allows 
these  fibroblasts  to  tolerate  activated  RAS,  MOS,  or  STAT5 
expression  and  continue  dividing,  rather  than  undergoing  se¬ 
nescence  (5-8,  17).  Together  with  the  observation  that  tumor 
cells  can  have  persistent  DNA  damage  and  often  lose  DDR 
signaling  responsible  for  activating  p53,  the  current  hypothesis 
suggests  an  integral  role  for  DDR  signaling  in  OIS. 

We  report  here  that  HMEC  have  an  uncharacterized  OIS 
that  is  dependent  on  the  TGF-p  receptor  and  does  not  require 
pl6,  p53,  ATM,  CHK2,  p21,  RB,  pl07,  or  pl30,  as  previously 
described  in  fibroblasts.  In  our  studies,  suppression  of  TGF-p 
signaling  by  expression  of  a  dominant-negative  TGF-p  type  II 


receptor,  use  of  a  TGF-p  type  I  receptor  inhibitor,  or  ectopic 
expression  of  MYC  prevented  RAS-induced  senescence  and 
resulted  in  neoplastic  transformation  (Fig.  5D).  Recently, 
Zhuang  et  al.  (29)  reported  that  activated  N-RAS  and  B-RAF 
induced  a  pl6/p53-independent  OIS  in  melanocytes  and  further 
demonstrated  that  ectopic  MYC  expression  inhibited  senes¬ 
cence,  similar  to  our  observations  in  HMEC.  Moreover,  abro¬ 
gation  of  MYC  expression  from  melanoma  cell  lines  resulted  in 
the  reactivation  of  a  senescence  program,  similar  to  our  obser¬ 
vations  using  breast,  lung,  and  colon  cancer  cell  lines  harboring 
RAS  mutations.  Like  HMEC,  normal  melanocytes  are  sensitive 
to  TGF-p-mediated  arrest,  and  melanomas  often  acquire  a  re¬ 
sistance  to  the  cytostatic  effects  of  TGF-p.  Whether  the  OIS 
observed  in  melanomas  results  from  TGF-p  receptor  activation, 
as  described  here  for  HMEC,  will  need  additional  examination. 

Several  reports  have  shown  that  expression  of  RAS  or  its 
downstream  effectors  leads  to  the  secretion  of  several  cytokines, 
including  TGF-p  (19,  30,  31).  However,  activation  of  TGF-p 
signaling  in  MCF10A  breast  epithelial  cells  after  RAS-G12V 
expression  promotes  increased  invasion  rather  than  senescence. 
Two  independent  reports  have  uncovered  MYC  amplification  in 
MCF10A  cells,  a  genetic  alteration  that  we  demonstrate  can 
prevent  OIS  in  response  to  RAS-G12V  (32,  33).  TGF-p  signaling 
has  been  shown  to  suppress  transcription  of  the  MYC  gene,  and 
defective  repression  of  MYC  is  frequently  observed  in  breast 
cancer  cells  that  are  insensitive  to  TGF-p  (34,  35). 

The  response  of  fibroblasts  and  epithelial  cells  to  TGF-p  is 
markedly  different,  with  fibroblasts  increasing  proliferation  and  ex¬ 
hibiting  characteristics  of  morphological  transformation,  whereas 
epithelial  cells  undergo  a  cell-cycle  arrest  (11).  The  use  of  HMEC  in 
our  study  has  uncovered  a  role  for  TGF-p  signaling  in  RAS-medi- 
ated  OIS,  which  has  not  been  observed  as  a  tumor-suppressive 
barrier  in  studies  of  OIS  that  used  human  fibroblasts.  Suppression  of 
TGF-p  signaling  in  HMEC  allowed  RAS  to  drive  a  transformed 
phenotype  rather  than  senescence.  This  observation  led  us  toward 
the  identification  of  a  physiologically  appropriate  set  of  four  genetic 
events  that  consistently  drive  HMEC  transformation  and  are  com¬ 
monly  observed  in  breast  cancer.  These  include  the  suppression  of 
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agar  growth.  (C)  MDA231  and  Hs578T  cells  were 
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gressive  transformation  of  HMEC. 
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pl6  and  p53  function,  acquired  resistance  to  the  cytostatic  effects  of 
TGF-p  signaling,  and  acquisition  of  persistent  growth  signaling. 

On  the  basis  of  our  study,  we  propose  that  a  high  level  of  RAS 
signaling  must  be  accompanied  by  an  acquired  resistance  to  the 
cytostatic  effects  of  TGF-p,  either  by  TGF-p  receptor  inhibition  or 
elevated  MYC  expression  (Fig.  5D).  In  contrast,  low-level  RAS 
signaling  is  incapable  of  engaging  OIS  but  still  cooperates  with  the 
abrogation  of  TGF-p  signaling  to  promote  malignant  trans¬ 
formation.  MYC  is  a  well-known  suppressor  of  TGF-p  signaling 
(36)  and  is  amplified  in  up  to  52%  of  breast  cancer  specimens, 
depending  on  the  study.  Tumors  that  do  not  harbor  an  MYC 
amplification  often  overexpress  MYC  protein  via  additional 
mechanisms  (36-39).  RAS  mutations  are  surprisingly  infrequent 
in  breast  cancer  (<5%)  relative  to  other  cancers  (50%  of  colon 
and  thyroid  cancers  and  90%  of  pancreatic  cancers).  However,  the 
reason  for  the  differences  between  cancers  that  tolerate  RAS 
mutations  and  those  that  do  not  remains  unclear  (40).  We  spec¬ 
ulate  that  mutant  RAS  may  initiate  the  tumor-suppressive  OIS  in 
HMEC  more  potently,  or  more  acutely  than  RAS  signaling  ele¬ 
vated  via  overexpression  of  growth  factor  receptors  or  wild-type 
RAS,  which  are  more  frequently  observed  in  breast  cancer  (41). 

The  observation  that  TGF-p  signaling  suppresses  the  growth  of 
normal  epithelial  cells,  yet  is  often  required  for  the  maintenance  of 
a  transformed  phenotype,  remains  a  paradox  in  the  field.  However, 
much  like  the  differences  in  biological  outcomes  observed  between 
fibroblasts  and  epithelial  cells  exposed  to  TGF-p,  the  response 
of  normal,  hyperplastic,  and  transformed  epithelial  cells  may  be 
explained  by  the  diverse  signals  generated  by  TGF-p  receptor  ac¬ 
tivation.  SMAD-dependent  and  -independent  pathways  (involv¬ 
ing  TAK1,  NFkB,  JNK,  MAPK,  PI3K/AKT,  and  mTOR,  among 
others)  determine  whether  cells  arrest,  continue  dividing,  or  un- 
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dergo  an  epithelial-to-mesenchymal  transition  after  exposure  to 
TGF-p  (42).  In  our  model,  elevated  MYC  expression  suppresses 
RAS-mediated  OIS  but  maintains  the  TGF-p  receptor  in  a  func¬ 
tional  state.  We  suggest  that,  in  breast  cancer,  the  senescence 
programs  are  simply  suppressed  rather  than  absent,  leaving  the 
option  to  reengage  these  hidden  limits  to  proliferation  as  a  can¬ 
cer  therapy. 

Materials  and  Methods 

Cell  Lines  and  Culture  Conditions.  Postselection  HMEC  [48R  batch  S  (27)]  were 
grown  in  a  humidified  atmosphere  containing  5%  C02  in  Medium  171  with 
mammary  epithelial  growth  supplement  (Cascade  Biologies).  Prestasis  HMEC 
(specimen  48R,  batch  T)  were  grown  in  a  humidified  atmosphere  containing 
5%  C02  in  M87A  media  as  previously  described  (27).  MDA231,  Hs578T,  HI  299, 
and  LoVo  cells  were  grown  in  a  humidified  atmosphere  containing  5%  C02  in 
DMEM  supplemented  with  5%  FBS;  A549  cells  were  grown  in  RPMI  supple¬ 
mented  with  5%  FBS. 

Soft  Agar  and  Relative  Growth  Assays.  For  AIG  assays,  HMEC  (2  x  105)  were 
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1.2%  agar  in  a  60-mm  plate  in  triplicate.  For  relative  growth  assays,  HMEC  (1  x 
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Coulter  counter  after  5  d  of  growth.  Quantification  of  soft  agar  colonies  and 
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Additional  materials  and  methods  are  described  in  SI  Materials  and 
Methods. 
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Summary 

Activation  of  the  Her2  (ErbB2)  oncogene  is  implicated  in  the  devel¬ 
opment  of  breast,  ovary  and  other  cancers.  Here,  we  show  that 
expression  of  NeuT,  a  mutant-activated  rodent  isoform  of  Her2,  in 
immortalized  breast  epithelial  cells,  while  promoting  senescence- 
associated  morphological  changes,  up-regulation  of  senescence- 
associated  p-galactosidase  activity,  and  accumulation  of  the 
cyclin-dependent  kinase  inhibitor  p21,  failed  to  trigger  the  major 
senescence  end-point,  i.e.  permanent  growth  arrest.  Similar 
senescence-associated  phenotype  with  incomplete  growth  arrest, 
which  we  dubbed  senescence  with  incomplete  growth  arrest 
(SWING),  could  also  be  triggered  by  the  expression  of  the  Ras 
oncogene.  SWING  phenotype  was  stable,  and  persisted  in  tumor 
xenografts  established  from  NeuT-transduced  cells.  Furthermore, 
a  significant  population  of  cells  in  SWING  state  was  found  in 
tumors  in  the  MMTV/NeuT  transgenic  mouse  model.  SWING  cells 
showed  downregulation  of  histone  H2AX,  critical  for  repair  of 
double-stranded  DNA  breaks,  and  impaired  activation  of  Chkl 
kinase.  Overall,  SWING  cells  were  characterized  by  increased  DNA 
instability  and  hypersensitivity  to  genotoxic  stresses.  We  propose 
that  the  SWING  state  could  be  a  stage  in  the  process  of  cancer 
development. 

Key  words:  DNA  damage  response;  Her2;  oncogenes;  senes¬ 
cence. 

Introduction 

Normal  human  somatic  cells  have  a  limited  proliferation  lifespan  and 
undergo  replicative  senescence  characterized  by  irreversible  growth 
arrest  after  a  certain  number  of  cell  divisions  (Hayflick  &  Moorhead, 
1961).  This  senescence  response  was  shown  to  be  driven  by  telomere 
shortening  that  triggered  a  DNA  damage  response  (DDR),  culminating  in 
irreversible  cell  cycle  arrest  (Harley  etal.,  1990;  Bodnar  etal.,  1998). 
Alternatively,  telomere  length-independent  senescence  could  be  precipi¬ 
tated  in  cells  that  have  not  yet  reached  their  proliferative  limit  by  exposure 
to  various  DNA  damaging  stresses  (Schmitt  etal.,  2002;  Campisi  & 
d'Adda  di  Fagagna,  2007).  For  example,  oncogene  imbalance  that  can 
induce  DNA  damage  is  a  potent  inducer  of  a  senescence  response 
(McDuff  &  Turner,  201 0).  In  fact,  various  oncogenes  such  as  KRAS,  BRAF, 
Mek,  or  Mos  were  shown  to  stimulate  senescence  both  in  fibroblasts  and 
in  transformed  cell  lines  (Serrano  et  a!.,  1997;  Lin  et  a!.,  1998;  Zhu  et  a!., 
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1998;  Bartkova  etal.,  2006).  Moreover,  activation  of  E2F,  Ras,  BRaf,  or 
loss  of  PTEN  induced  senescence  in  mouse  models  (Braig  etal.,  2005; 
Chen  etal.,  2005;  Collado  etal.,  2005;  Lazzerini  Denchi  etal.,  2005; 
Michaloglou  et  at,  2005).  Altogether  these  observations  led  to  a  hypoth¬ 
esis  that  oncogene-induced  senescence  (OIS)  represents  a  major  barrier 
toneoplastic  transformation  (Yaswen  &  Campisi,  2007).  In  line  with  this 
idea,  early  preneoplastic  lesions  like  human  nevi  which  carry  activating 
BRafV600E  mutation  harbor  senescent  melanocytes  and  rarely  progress 
to  melanomas  (Pollock  et  at,  2003). 

On  the  other  hand,  once  cell  have  been  immortalized  with  reactivation 
of  endogenous  telomerase  activity,  their  response  to  oncogenes  changes. 
For  example,  expression  of  the  Raf-1  or  Ras  oncogene  in  immortalized 
human  mammary  epithelial  cells  (HMEC)  not  only  fails  to  produce  growth 
arrest,  but  confers  malignancy  associated  properties  (Olsen  et  at,  2002; 
Cipriano  et  al.  2011).  In  vivo,  reports  show  that  cells  with  high  level  of 
activated  Ras  that  normally  triggers  senescence  eventually  form  aggres¬ 
sive  tumors  (Sarkisian  et  at,  2007).  Furthermore,  hyperplastic  colorectal 
polyps  with  endogenous  activated  KRAS  or  BRAF  despite  showing  major 
signs  of  senescence,  e.g.  senescence-associated-p-galactosidase  (SA-p- 
gal)  staining,  continue  to  grow  (Minoo  &  Jass,  2006).  Similarly,  early 
hyperplastic  lesions  in  the  PTEN  knockout  model  of  the  prostate  cancer 
show  extensive  SA-p-gal  staining.  These  lesions  give  rise  to  slowly  grow¬ 
ing  tumors  that  stained  positively  for  SA-p-gal,  and  which  upon  inactiva¬ 
tion  of  p53  eventually  become  fast-growing  and  SA-p-gal-negative 
(Chen  et  at,  2005).  Also,  acute  somatic  activation  of  ErbB2  in  mammary 
glands  led  to  the  development  of  precancerous  lesions  where  75%  of 
cells  expressed  SA-p-gal.  Importantly,  these  lesions  rapidly  developed  into 
tumors,  where  20-40%  of  cells  were  still  showing  positive  staining  for 
SA-p-gal  (Reddy  et  at,  2010).  Therefore,  at  present,  the  question  regard¬ 
ing  the  role  of  OIS  in  preventing  tumor  development  remains  open. 

One  interpretation  of  the  presence  of  cells  with  senescent  phenotype 
in  hyperplastic  lesions  and  tumors  is  that  there  is  an  ongoing  transition  to 
senescence  of  a  fraction  of  tumor  cells,  which  become  SA-p-gal  positive, 
while  the  rest  of  the  cells  remain  transformed  and  proliferative.  Alterna¬ 
tively,  it  is  possible  that  morphological  and  biochemical  signs  of  senes¬ 
cence  are  not  rigidly  linked  to  permanent  growth  arrest.  In  fact,  owing  to 
the  technical  difficulties  in  many  cancer  models  where  senescence  was 
studied,  monitoring  of  SA-p-gal  and  other  senescence-associated  bio¬ 
chemical  parameters  is  usually  not  followed  by  assessment  of  cell  cycle 
arrest.  Here,  we  hypothesize  that  activation  of  oncogenes  in  immortalized 
or  cancerous  cells,  which  express  endogenous  telomerase  activity  and 
commonly  lack  critical  regulators  of  cell  cycle  progression,  may  be  suffi¬ 
cient  to  trigger  morphological  and  biochemical  manifestations  of  senes¬ 
cence  (e.g.  SA-p-gal),  but  cannot  ensure  full  growth  arrest.  We  call  this 
condition  senescence  with  incomplete  growth  arrest  (SWING).  In  con¬ 
trast,  activation  of  oncogenes  in  finite  lifespan  cells  can  cause  true  senes¬ 
cence  resulting  in  block  of  tumorigenesis.  The  latter  condition  could 
reflect  appearance  of  senescence  markers  in  nontumorigenic  nevi.  These 
different  responses  of  finite  and  immortalized  cells  to  oncogenes  support 
the  concept  that  cellular  senescence  represents  a  set  of  subprograms  with 
independent  end  points.  Accordingly,  in  response  to  activation  of  oncog¬ 
enes,  immortalized  cells  may  trigger  some  of  the  sub-programs  (e.g.  cell 
enlargement  and  SA-p-gal  activity),  while  having  impaired  capability  to 
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execute  the  permanent  growth  arrest  because  of  the  multiple  checkpoint 
deficiencies. 

Here,  we  investigate  responses  of  immortalized  HMEC  to  Her2  and  Ras 
oncogenes.  The  proto-oncogene  Her2  is  overexpressed  in  approximately 
30%  of  aggressive  breast  carcinomas  (Slamon  et  al.,  1 989).  Furthermore, 
expression  of  this  oncogene  in  mammary  epithelium  in  transgenic  mice 
triggers  the  appearance  of  breast  tumors  (Muller  et  al.,  1988).  However, 
as  with  Ras  or  Raf-1  oncogenes,  expression  of  the  rodent  oncogenic  form 
of  Her2  (NeuT)  in  the  human  breast  carcinoma  line  MCF7  and  low-pas¬ 
sage  murine  embryonic  fibroblasts  failed  to  stimulate  proliferation  but 
instead  provoked  accumulation  of  enlarged  SA-|3-gal-positive  cells,  which 
were  considered  senescent  (Trost  etal.,  2005).  Therefore,  NeuT  onco¬ 
gene  along  with  Ras  represents  a  relevant  disease-related  model  to  inves¬ 
tigate  OIS  in  immortalized  mammary  epithelium  cells. 

It  has  been  suggested  that  DNA  damage  triggered  by  oncogene  imbal¬ 
ance  underlies  OIS  growth  arrest.  Activated  components  of  the  DDR,  such 
as  phATM,  phChk2,  or  53BP1  were  detected  in  various  untreated  preneo¬ 
plastic  lesions  associated  with  bladder,  lung,  breast,  and  colon  tumors 
(Bartkova  etal.,  2005;  Gorgoulis  etal.,  2005;  Campisi,  2010).  Further¬ 
more,  inhibition  or  knocking  down  of  the  DDR  mediators  prevented  OIS 
and  facilitated  transformation  of  melanocytes  (Di  Micco  et  al.,  2006;  Mal- 
lette  et  al.,  2007).  Unexpectedly,  in  the  process  of  this  investigation,  we 
uncovered  that  SWING  cells  with  activated  oncogenes,  when  challenged 
with  various  genotoxic  stresses,  have  an  impaired  ability  to  activate  Chkl 
kinase,  or  carry  out  phosphorylation  of  the  histone  H2A  isoform  H2AX, 
which  are  involved  in  promoting  double-stranded  DNA  breaks  (DSB) 
repair  as  part  of  the  DDR.  H2AX  is  a  critical  factor  implicated  in  early 
stages  of  major  DSB  repair  pathways  (Thiriet  &  Hayes,  2005).  Phosphory- 
lated  H2AX  molecules,  called  yH2AX,  form  irradiation-induced  foci  in 
the  vicinity  of  DSBs,  which  serve  as  platform  for  recruitment  of  DNA 
repair  factors,  thus  promoting  DSB  repair.  Through  assisting  in  DNA 
repair  and  facilitating  chromatin  remodeling,  yH2AX  is  involved  in  the 
maintenance  of  DNA  stability  (Zha  et  al.,  2008;  Chanoux  etal.,  2009). 
Accordingly,  suppression  of  yH2AX  in  SWING  cells  led  to  the  appear¬ 
ance  of  chromosomal  aberrations  because  of  impaired  DNA  repair. 
Here,  we  connect  the  downregulation  of  H2AX  and  Chkl  upon 
development  of  SWING  state  to  increased  DNA  instability  in  neoplastic 
transformation. 

Results 

NeuT  oncogene  induces  true  senescence  in  finite  lifespan 
HMEC  and  senescence-associated  properties  without 
growth  arrest  in  immortalized  HMEC 

To  assess  OIS  in  finite  and  immortalized  HMEC,  we  compared  effects  of 
the  oncogenic  rodent  activated  form  of  Her2  (NeuT)  on  proliferation  of 
normal  finite  lifespan  1 84  HMEC  (further  marked  HMEC)  and  two  distinct 
immortalized  HMEC  lines,  MCF10A  and  184B5,  the  latter  derived  from 
normal  1 84  HMEC.  Finite  and  immortal  HMEC  were  infected  with  control 
or  NeuT-expressing  retrovirus,  and  NeuT  expression  was  confirmed  by 
immunoblotting  (Fig.  1A).  At  day  5  postinfection,  HMEC/NeuT  and 
MCF1  OA/NeuT  cells  acquired  typical  senescent  morphology,  where  more 
than  90%  of  cells  became  enlarged,  flattened,  and  highly  vacuolized 
(Fig.  IB).  184B5/NeuT  cells  also  acquired  senescent  morphology  but 
later,  on  day  12  postinfection  (Fig.  IB).  Furthermore,  approximately  90% 
of  HMEC/NeuT,  approximately  50%  of  MCF1  OA/NeuT,  and  approxi¬ 
mately  70%  of  184B5  cells  became  SA-(3-gal  positive  (Fig.  IB).  In  con¬ 
trast,  finite  HMEC,  the  MCF1 0A,  and  1 84B5  lines  expressing  control  virus 
retained  normal  morphology,  and  fractions  of  SA-(3-gal  positive  cells  were 


12%,  3%,  and  15%  respectively  (Fig.  IB).  Therefore,  by  morphological 
and  biochemical  criteria,  almost  all  the  finite  HMEC  and  the  majority  of 
the  immortalized  MCF10A  and  184B5  cells  acquired  properties  associ¬ 
ated  with  senescence  upon  expression  of  the  NeuT  oncogene.  Despite 
these  similarities,  we  observed  dramatic  difference  in  growth  properties 
of  HMEC/NeuT  compared  with  MCF1  OA/NeuT  and  184B5/NeuT  cells. 
To  assess  growth  status  of  control  and  NeuT-expressing  cell  populations, 
we  monitored  expression  of  the  proliferation  marker,  Ki67.  More  than 
80%  of  both  finite  and  immortal  HMEC  populations  infected  with  control 
virus  demonstrated  Ki67  positivity  (Fig.  1C).  In  line  with  the  senescent 
appearance,  almost  no  HMEC/NeuT  cells  (<  5%)  stained  positive  for 
Ki67,  indicating  that  NeuT  oncogene  triggered  bona  fide  senescence  in 
these  cells.  In  contrast,  the  MCF1  OA/NeuT  and  184B5/NeuT  populations 
contained  Ki67-positive  cells,  similar  to  controls  (>  70%),  suggesting  that 
these  cells  were  not  cell  cycle  arrested.  Noticeably,  typically  senescent¬ 
looking  large  and  flattened  cells  show  strong  Ki67  fluorescence  (Fig.  1C, 
bottom  panel).  In  agreement  with  the  Ki67  staining,  direct  measurement 
of  growth  rates  demonstrated  that  HMEC/NeuT  cells  stopped  dividing  by 
day  5  postinfection,  while  MCF1  OA/NeuT  and  184B5/NeuT  cells  contin¬ 
ued  proliferating,  albeit  slower  than  cells  infected  with  control  virus 
(Fig.  1 D).  Thus,  in  contrast  to  finite  HMEC,  expression  of  NeuT  oncogene 
in  immortalized  HMEC  results  in  the  development  of  a  senescence  mor¬ 
phology  but  not  growth  arrest. 

To  further  characterize  the  unusual  phenotype  of  the  MCF1  OA/NeuT 
and  1 84B5/NeuT  cells,  we  assessed  other  senescence-associated  proper¬ 
ties.  Direct  measurement  of  cellular  diameters  using  AuxioVision  (Carl 
Zeiss,  Oberkochen,  Germany)  software  (see  Experimental  Procedures) 
demonstrated  that,  on  average,  diameters  of  MCF1  OA/NeuT  expressing 
cells  were  60%  larger  than  those  in  control  population  (Fig.  1 E),  which  is 
typical  for  senescent  cells.  Importantly,  the  senescence  morphology  in 
MCF1  OA/NeuT  and  1 84B5/NeuT  cells  was  associated  with  the  accumula¬ 
tion  of  the  CDK  inhibitor  p21  (Fig.  4A),  which  is  implicated  in  OIS  in  vari¬ 
ous  cell  lines  (Quereda  etal.,  2007).  Of  note,  we  did  not  detect 
senescence-associated  heterochromatic  foci,  SAHF,  in  MCF1  OA/NeuT 
cells.  On  the  other  hand,  SAHF  formation  is  more  commonly  observed  in 
senescent  fibroblast  than  epithelial  cells,  where  it  depends  on  the  CDK 
inhibitor  pi  6,  absent  from  MCF1 0A  (Narita  &  Lowe,  2004). 

As  MCF10A  growth  was  slowed  following  NeuT  expression,  there  was 
a  possibility  that  with  each  round  of  division,  a  fraction  of  the  MCF1 0A/- 
NeuT  becomes  truly  senescent  (i.e.,  growth  arrested  and  SA-p-gal  posi¬ 
tive),  while  in  the  rest  of  the  population,  the  senescence  program  is  not 
activated.  To  assess  growth  status  of  the  entire  MCF1  OA/NeuT  popula¬ 
tion,  we  used  FACS  analysis.  Cell  cycle  distribution  of  MCF1  OA/NeuT  cells 
was  almost  undistinguishable  from  that  of  control  MCF10A  cells 
(Fig.  2A),  suggesting  that  the  total  populations  proliferate  similarly.  To 
further  validate  the  lack  of  growth  arrest  in  a  subpopulation  of  NeuT- 
expressing  cells,  we  employed  a  method  based  on  staining  cells  with  a 
fluorescent  lipophylic  dye  PKH67.  This  dye  accumulates  in  cellular  mem¬ 
branes  and  remains  there  without  defusing  into  the  medium.  Therefore, 
nondividing  cells  retain  PKH67  fluorescence,  while  PKH67  is  diluted  in 
proliferating  cells  with  each  round  of  division.  This  method  allows  detect¬ 
ing  even  a  minor  population  of  growth-arrested  cells.  Control  and  NeuT- 
expressing  MCF1 0A  cells  were  loaded  with  PKH67,  the  excess  of  the  dye 
was  washed  out,  and  fluorescence  was  monitored  daily  for  3  days.  We 
captured  images  and  analyzed  fluorescence  in  three  independent  fields. 
As  seen  in  Fig.  2B,  upon  loading  of  PKH67  at  day  0,  control  and 
NeuT-expressing  cells  showed  similar  high  fluorescence,  with  the  median 
fluorescence  intensity  around  2600  relative  units.  Decrease  of  average 
fluorescence  over  time  was  20%  slower  in  MCF1  OA/NeuT  cells  as 
compared  to  control  MCF10A  cells  (Fig.  2B),  which  was  in  agreement 
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Fig.  1  Effects  of  oncogenes  on  senescence  and  growth  properties  of  MCF1 0A,  finite  1 84  human  mammary  epithelial  cells  (HMEC)  and  1 84B5cells.  (A)  Retroviral  expression 
of  NeuT  in  MCF1 0A,  HMEC,  and  1 84B5  cells.  Samples  were  collected  5  days  postinfection  (MCF10A  and  HMEC)  or  1 2  day  postinfection  (1 84B5)  and  probed  by 
immunoblotting  with  anti-NeuT  antibody.  (B)  (3-Gal  staining  of  cells  infected  with  either  NeuT-  or  Ras-expressing  viruses.  Tests  were  performed  with  cells  on  same  days 
postinfection,  as  described  earlier.  (C)  Ki67  immunostaining  of  cells  expressing  NeuT  oncogene.  Nuclei  are  stained  with  DAPI.  Bottom  panels  represent  enlarged  images  of  the 
corresponding  areas  on  the  figure.  (D)  NeuT  expression  blocks  growth  of  HMEC  cells  but  not  MCF1 0A  cells.  Cells  were  plated  in  triplicates  at  1 0%  confluence,  and  growth 
rate  was  measured  by  cell  counting  over  the  period  of  3  days.  (E).  NeuT  expression  leads  to  increase  in  sizes  of  MCF1 0A  cells.  Cells  were  removed  from  plates  with  trypsin, 
dropped  onto  the  slide,  and  pictures  were  taken.  Image  analysis  was  carried  out  using  AxioVision  software. 


with  a  decrease  in  growth  rate  of  these  cells.  Importantly,  at  day  3, 
median  fluorescence  of  the  population  of  MCFIOA/NeuT  cells  was 
reduced  to  <  1 000  relative  units  and  no  brightly  stained  cells  with  fluores¬ 
cence  >  2000  relative  units  (corresponding  to  permanently  growth 


arrested  cells)  were  detected.  These  results  indicate  that  almost  every  cell 
in  MCFIOA/NeuT  population  underwent  divisions  during  the  3  days  per¬ 
iod.  In  contrast,  in  MCFIOA/NeuT  cells  forced  to  exit  the  cell  cycle  by 
treatment  with  a  low  dose  of  doxorubicin,  median  fluorescence  after 
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Fig.  2  Effects  of  NeuT  expression  on  cell  cycle  progression  of  MCF1 OA  cells.  (A).  Cell  cycle  distribution  of  control  and  NeuT-expressing  MCF1 OA  cells.  FACS  analysis  of  cells 
harvested  on  day  6  postinfection.  (B)  Divisions  of  cells  measured  by  the  PKH67  loading  technique.  Control,  NeuT-  and  Ras-expressing  cells  were  loaded  with  PKH67  and  then 
plated  at  1 0%  confluency.  Pictures  were  taken  for  three  consecutive  days;  fluorescence  intensity  of  cells  was  analyzed  in  three  random  fields  using  AxioVision  software.  As 
positive  control,  we  treated  cells  with  40  nM  doxorubicin,  which  caused  minor  growth  inhibition  in  control  cells  and  complete  growth  inhibition  in  oncogene-expressing  cells. 
(C).  S-phase  imaging  in  MCFIOA/NeuT cells.  MCFIOA/NeuT  at  day  4  postinfection  were  infected  with  cell-cycle  reporter  lentiviruses,  i.e.,  mK02-hCdt1(30/120)  [Gl/S;  red] 
and  mAG-hGem(1  /^  1 0)  [S/G2;  green],  and  images  captured.  (D)  Time-lapse  analyses  of  division  of  a  senescence-looking  flat  MCF1  OA/NeuT  cell.  (Arrowhead  points  the  cell 
undergoing  mitosis). 


3  days  was  2400  units,  which  was  not  significantly  different  from  that  of 
cells  at  day  0  (Fig.  2B). 

Further,  to  directly  observe  that  flat,  enlarged  senescent-looking  cells 
can  enter  S-phase,  we  infected  MCFIO/NeuT  cells  with  lentiviruses 
expressing  the  cell-cycle  reporters  (Sakaue-Sawano  et  al.,  2008).  In  line 
with  the  FACS  data,  we  observed  that  approximately  15%  of  the 
MCFIOA/NeuT  population  expressed  both  Gl/S  and  S/G2  markers 
indicative  of  cells  in  S-phase  (Fig.  2C).  Finally,  we  directly  visualized  cell 
division  by  monitoring  MCFIOA/NeuT  cultures  under  the  microscope  for 
24  h  and  capturing  images  every  30  min.  As  seen  in  movie  frames  in 


Fig.  2D,  a  randomly  chosen  flat  enlarged  senescent-looking  cell  under¬ 
went  a  division.  Altogether  these  experiments  indicate  that  in  the  immor¬ 
tal  MCF10A  line,  NeuT  expression  precipitated  an  unusual  phenotype,  i.e. 
Senescence  With  Incomplete  Growth  arrest,  which  we  called  SWING. 
These  results  indicate  that  while  NeuT  expression  promotes  OIS  in  finite 
lifespan  HMEC,  in  immortal  HMEC,  its  expression  triggers  the  SWING 
state. 

Further  we  investigated  what  component  of  the  immortalization  pro¬ 
cess  promotes  a  switch  from  OIS  to  the  SWING  state.  Accordingly,  we 
restored  expression  of  pi 6  in  MCFIOA/NeuT  cells,  which  lack  this  cell 
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Fig.  3  Effects  of  pi  6  and  hTERT  on  the  development  of  the  SWING.  (A)  Retroviral  expression  of  recombinant  pi  6  in  MCF1 0A  cells;  comparison  with  pi  6  levels  in  finite 
human  mammary  epithelial  cells.  (B)  Effects  of  pi  6  and  NeuT  on  fractions  of  SA-p-gal-positive  MCF1 0A  cells.  Three  independent  fields  were  scored.  (C)  Effects  of  pi  6  and 
NeuT  on  fractions  of  Ki67-positive  MCF1 0A  cells.  Three  independent  fields  were  scored.  (D)  Effects  of  NeuT  on  fractions  of  SA-(3-gal-positive  1 84BTERT  and  1 84DTERT  cells. 
Three  independent  fields  were  scored.  (E)  Effects  of  NeuT  on  fractions  of  Ki67-positive  1 84BTERT  and  1 84DTERT  cells. 


cycle  inhibitor.  The  expression  level  of  pi  6  that  we  achieved  in  this  system 
was  similar  to  the  endogenous  level  of  pi  6  in  normal  HMEC  cells  passage 
4  (Fig.  3A).  As  MCF1  OA/NeuT  cells,  MCF1  OA/NeuT/pl  6  cells  had  SA-(3- 
gal  activity  in  about  70%  of  the  population  (Fig.  3B).  At  the  same  time, 
these  cells  continued  proliferating  and  about  60%  displayed  Ki67  staining 
(Fig.  3C).  Therefore,  reconstitution  of  pi  6  did  not  reverse  NeuT-induced 
SWING  state  toOIS. 

To  test  for  the  role  of  telomerase  in  establishing  the  NeuT-induced 
SWING  state,  we  utilized  two  derivatives  of  the  finite  lifespan  1 84  HMEC: 
(i)  184DTERT  cells,  which  were  obtained  by  ectopic  expression  of  hTERT 
in  1 84  HMEC,  and  (ii)  1 84BTERT  cells  which  were  obtained  by  the  expres¬ 
sion  of  recombinant  hTERT  in  1 84  HMEC  line  that  spontaneously  lost  pi  6 
because  of  promoter  methylation  (Brenner  etai,  1998;  Stampfer  etal., 
2001;  Garbe  etal.,  2009).  Both  184DTERT  and  184BTERT  cells  were 
infected  with  retrovirus  expressing  NeuT.  By  day  8  postinfection,  both  cell 
lines  acquired  typical  senescence  morphology,  including  enlargement 
and  flattening,  and  about  80%  of  cells  became  SA-p-gal  positive 


(Fig.  3D),  similar  to  the  effect  of  NeuT  on  finite  lifespan  HMEC  (Fig.  1 B). 
Importantly,  in  contrast  to  finite  HMEC,  most  of  NeuT-expressing 
184DTERT  and  184BTERT  cells  remained  Ki67-positive  (Fig.  3E),  although 
certain  decrease  in  the  population  of  Ki67-positive  cells  upon  NeuT 
expression  was  seen  with  184DTERT  (Fig.  3E).  These  data  indicate  that 
expression  of  telomerase  was  sufficient  to  switch  the  response  of  epithe¬ 
lial  cells  to  oncogene  from  OIS  to  SWING.  Surprisingly,  this  switch  was 
independent  on  the  pi  6.  Next,  we  investigated  whether  oncogenes  other 
than  NeuT  could  trigger  transition  to  the  SWING  state.  MCF10A  cells 
were  infected  with  control  retrovirus  or  retrovirus  expressing  the  onco¬ 
genic  form  of  Ras,  H-RAS  VI 2.  Microscopic  examination  of  cells  on  5  days 
postinfection  showed  that  similar  to  MCF1  OA/NeuT  cells,  approximately 
70%  of  MCF1  OA/Ras  cells  attained  enlarged,  flattened,  and  highly  vacu- 
olized  morphology  and  became  SA-p-gal  positive  (Fig.  IB).  These  data 
indicate  that  MCF1  OA/Ras  cells  acquired  senescent  characteristics.  To 
elucidate  whether  activation  of  Ras  oncogene  triggers  permanent  growth 
arrest  in  MCF10A  cells,  we  loaded  control  and  MCF1  OA/Ras  cells  with 
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PKH67  and  monitored  cell  divisions  for  three  consecutive  days,  as 
described  earlier.  We  observed  that  the  pace  of  PKH67  reduction  was 
only  slightly  diminished  in  MCF1  OA/Ras  cells  compared  with  control  cells, 
indicating  that  flat,  enlarged,  highly  vacuolized  MCF1  OA/Ras  cells  contin¬ 
ued  dividing  (Fig.  2B).  Therefore,  expression  of  Ras  and  NeuT  oncogenes 
in  immortal  MCF10A  cells  failed  to  promote  growth  arrest  but  did  pro¬ 
mote  transition  into  the  SWING  state,  where  cells  attained  some  senes¬ 
cence-associated  sub-programs  (e.g.  morphological  changes  and 
expression  of  SA-p-gal). 

Acquisition  of  SWING  phenotype  depends  on  p21 

CDK  inhibitors,  p21,  pi  6,  and  pi  5,  have  been  reported  to  be  mediators 
of  OIS  in  some  cell  types  (Quereda  eta!.,  2007).  MCF10A,  like  most 
in  vitro  immortalized  HMEC  lines,  does  not  express  pi  6.  As  noted,  expres¬ 
sion  of  p21  increased  approximately  two-fold  in  NeuT-exposed  MCF10A 
and  184B5  (Fig.  4A).  Therefore,  we  investigated  whether  p21  is  impli¬ 
cated  in  the  establishment  of  the  SWING  state,  using  a  p21  knockout 
derivative  of  MCF10A  cells  (Karakas  eta/.,  2006).  Parental  and  p21KO 
MCF10A  cells  were  infected  with  control  or  NeuT-expressing  virus,  as 
described  earlier.  Microscopic  observation  of  cells  for  12  days  starting  on 
day  5  postinfection  revealed  that  in  contrast  to  parental  cells,  NeuT- 
expressing  p21KO  cells  had  minimal  senescence-associated  changes  in 
morphology.  Furthermore,  SA-p-gal  assay  performed  on  days  5  and  10 
postinfection  showed  that  <  10%  of  MCF10A  p21  KO/NeuT  cells  became 
SA-p-gal  positive  as  compared  to  approximately  50%  SA-p-gal  positive 
parental  MCFIOA/NeuT  cells  (Fig.  4B).  Next,  we  demonstrated  that  p53, 
which  regulates  p21  at  the  level  of  transcription,  is  similarly  critical  in 
establishing  the  SWING  state.  In  fact,  knockdown  of  p53  using  shRNA 
almost  completely  (to  <  5%)  blocked  development  of  SA-p-gal  activity 
and  senescence  morphology  following  NeuT  expression  (Fig.  4B).  Thus, 
the  p53-p2 1  pathway  is  required  for  the  NeuT-induced  SWING  state. 


SWING  cells  could  be  malignantly  transformed 

Expression  of  NeuT  in  MCF1 0A  cells  obtained  from  ATCC  (see  Experimen¬ 
tal  Procedures)  established  the  SWING  phenotype,  but  did  not  transform 
them  to  malignancy  as  determined  by  the  lack  of  formation  of  foci  on 
plates  and  tumors  in  nude  mice.  To  address  whether  the  senescence  fea¬ 
tures  of  NeuT-expressing  cells  affect  tumorigenesis,  we  assessed  malig¬ 
nancy-associated  properties  of  the  SWING  cells.  In  these  experiments,  we 
used  a  clone  of  MCF10A  cells  obtained  from  Dr.  B.  Park  that  spontane¬ 
ously  acquired  the  ability  to  form  foci  on  plates  and  tumors  in  nude  mice 
in  response  to  expression  of  NeuT,  suggesting  malignant  transformation 
(Fig.  4C).  Notably,  similar  response  to  NeuT  was  demonstrated  previously 
in  certain  MCF10A  clones  (Giunciuglio  etal.,  1995).  Surprisingly,  there 
was  no  apparent  selection  against  the  senescence  properties,  and  foci 
formed  by  MCFIOA/NeuT  cells  stain  positive  for  SA-p-gal  (Fig.  4C),  indi¬ 
cating  that  they  retain  the  SWING  phenotype.  To  analyze  the  stability  of 
the  SWING  phenotype,  we  established  xenografts  in  nude  mice.  Accord¬ 
ingly,  0.5  x  106  control  and  MCFIOA/NeuT  cells  were  injected  subcuta¬ 
neously  into  front  flanks  of  nude  mice,  and  tumor  growth  was  monitored 
by  caliper.  As  expected,  control  MCF10A  cells  did  not  form  tumors  in 
mice,  while  MCFIOA/NeuT  cells  readily  formed  tumors  that  became  pal¬ 
pable  7  days  postinjection.  Further,  we  excised  tumors  and  re-established 
them  in  cell  culture.  Cells  in  these  cultures  formed  foci,  indicating  that 
they  retain  this  transformed  property.  Importantly,  these  cells  stained 
positively  for  SA-p-gal,  demonstrating  that  SWING  state  is  stable  and  per¬ 
sists  in  tumors  (Fig.  4D). 

Next,  we  evaluated  whether  SWING  cells  can  be  detected  in  a  trans¬ 
genic  mouse  model  of  NeuT-induced  mammary  tumor.  Accordingly, 
tumors  that  appeared  in  6-7-month-old  transgenic  MMTV/NeuT  mice 
were  excised,  and  processed  for  immunohistological  analysis.  Slides  were 
double  stained  for  the  senescence  marker  SA-p-gal  and  the  proliferation 
marker  Ki67.  Of  note,  Ki67  stains  nuclei,  while  SA-p-gal  stains  cytoplasm, 


Fig.  4  SWING  phenotype  depends  upon  p2 1  and  exists  in  cancerous  cells.  (A)  NeuT  expression  causes  induction  of  p2 1 .  p2 1  Levels  were  measured  by  immunoblotting  in 
MCF1 0A  cells  at  day  6  postinfection  and  in  1 84B5  at  day  1 2  postinfection.  (B)  Development  of  SWING  phenotype  is  p2 1  -  and  p53-dependent.  Fractions  of  SA-p-gal-positive 
cells  were  measured  in  NeuT-expressing  WT,  p21  KO,  and  p53  knockdown  cells.  Three  independent  fields  were  scored.  (C)  SA-p-gal  staining  of  a  focus  in  culture  formed  by 
MCF1 0A  cells  transformed  by  NeuT.  (D)  SA-p-gal  staining  of  a  focus  formed  by  MCF1 0A  cells  isolated  from  tumor  xenograft.  Tumor  xenografts  were  established  from  NeuT- 
transformed  MCF1 0A  cells,  (E)  SA-p-gal  and  Ki67  double  staining  of  NeuT-induced  tumor  from  the  MMTVneu  transgenic  mouse.  Newly  emerged  tumor  was  excised  and 
stained  for  p-gal  activity;  stained  tumor  was  sectioned  and  processed  for  immunohistochemical  detection  of  Ki67.  Right  panel  shows  section  stained  for  both  SA-p-gal  and 
Ki67;  sections  stained  only  for  SA-p-gal  (left  panel)  or  Ki67  (middle  panel)  are  shown  for  comparison. 
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and  therefore,  the  presence  of  the  SA-(3-gal  cytoplasmic  staining  adjacent 
to  Ki67  nuclear  staining  indicate  the  double-stained  cell.  Tumor  sections 
contained  significant  cell  populations  that  were  positive  for  both  markers 
(although  the  percentage  of  double-stained  cells  varied  significantly 
between  the  sections),  thus  confirming  that  a  population  of  cells  in  NeuT- 
initiated  tumors  retains  SWING  phenotype  in  vivo  (Fig.  4E).  To  clarify  the 
appearance  of  double  staining,  Fig.  2E  shows  panels  single-stained  with 
either  Ki67  or  SA-p-gal,  and  the  double-stained  panel. 

These  experiments  establish  that  (i)  biochemical  properties  associated 
with  senescence  (SA-p-gal)  in  immortalized  cells  and  oncogene-express¬ 
ing  tissue  may  develop  independently  of  growth  arrest,  (ii)  development 
of  the  SWING  state  instead  of  OIS  associates  with  reactivation  of  telomer- 
ase,  (iii)  cells  in  SWING  state  may  be  malignantly  transformed,  and  (iv)  the 
SWING  state  is  stable,  is  not  lost  after  passage  of  cells  through  xenografts, 
and  is  retained  in  early  tumors. 

SWING  cells  have  impaired  DNA  damage  response  and 
increased  DNA  instability 

Recently,  we  showed  that  ectopic  expression  of  mediators  of  the  senes¬ 
cence  response  (e.g.  p21  or  pi  6)  increases  DNA  instability  and  impairs 
activation  of  certain  branches  of  the  DDR,  i.e.  accumulation  of  yH2AX 
and  phosphorylation  of  Chkl  kinase  (Gabai  et  al.,  2008,  2010)  in  several 
cancer  cell  lines.  These  data  were  consistent  with  prior  observation  that 
cellular  senescence  suppresses  certain  DNA  repair  pathways  (Seluanov 
etal.,  2004).  Here,  we  investigated  whether  these  components  of  the 
DDR  are  also  suppressed  in  SWING  cells. 

yH2AX  serves  as  an  early  and  critical  step  in  sensing  and  subsequent 
repair  of  DSB.  Therefore,  we  next  investigated  effects  of  transition  to 
SWING  state  on  formation  of  yH2AX  foci  at  the  sites  of  damaged  chro¬ 
mosomes.  Control  and  MCF1 0/NeuT  cells  were  treated  with  doxorubicin, 
a  potent  inducer  of  DSBs,  and  yH2AX  foci  were  visualized  by  immunoflu¬ 
orescence.  Incubation  of  control  cells  with  200  nM  of  doxorubicin  for  3  h 
led  to  the  appearance  of  approximately  30%  of  cells  with  more  than  10 
yH2AX  foci  per  nucleus,  and  22%  of  cells  with  1-10  foci  per  nucleus. 
Under  these  conditions,  there  was  50%  reduction  in  foci  formation  in 
NeuT-  expressing  MCF1 0A  cells,  i.e.  <  1 5%  of  nuclei  with  more  than  1 0 
foci  and  approximately  10%  nuclei  with  1-10  foci  (Fig.  5A).  Thus,  activa¬ 
tion  of  NeuT  oncogene  strongly  suppressed  yH2AX  foci  formation. 

In  parallel,  we  used  immunoblotting  to  assess  levels  of  yH2AX  in  onco¬ 
gene-expressing  MCF10A  cells  exposed  to  genotoxic  stresses.  In  control 
cells,  both  UVC  irradiation  and  doxorubicin  treatment  led  to  the  rapid 
appearance  of  yH2AX  (Fig.  5B).  Under  these  conditions,  accumulation  of 
yH2AX  was  significantly  reduced  in  MCFIOA/NeuT  and  MCFIOA/Ras 
cells  (Fig.  5B),  further  indicating  that  establishment  of  the  SWING  state 
associates  with  impairment  of  DDR  signaling.  At  least  in  part,  reduction 
of  yH2AX  foci  formation  and  yH2AX  levels  was  associated  with  the  over¬ 
all  downregulation  of  H2AX  expression.  We  detected  two-fold  reduction 
in  H2AX  levels  in  both  MCFIOA/NeuT  and  MCFIOA/Ras  cells  as  com¬ 
pared  to  control  cells;  in  MCFIOA/NeuT  cells,  the  reduction  was  seen  as 
early  as  on  the  second  day  post-infection  (Fig.  5C).  Thus,  reduction  of 
yH2AX  foci  formation  and  yH2AX  levels  was  an  early  response  to  onco¬ 
gene  activation  and  was  associated  with  overall  downregulation  of  H2AX 
expression. 

To  investigate  effects  of  NeuT  on  H2AX  in  vivo,  we  utilized  the 
MMTV/NeuT  transgenic  model  of  the  Her2-positive  cancer.  Expression  of 
NeuT  in  this  model  starts  at  the  age  of  about  2  months  because  of 
elevation  of  estrogen  levels.  Cancers  develop  much  later  in  about 
12-month-old  animals.  To  assess  early  effects  of  NeuT,  mammary  tissue 
was  collected  from  the  3-month-old  MMTV/NeuT  and  control  mice,  and 


sections  were  immunostained  with  anti-p21  and  anti-H2AX  antibody.  As 
seen  on  Fig.  5D,  NeuT  caused  induction  of  p21  and  strong  downregula¬ 
tion  of  H2AX,  thus  replicating  effects  in  cell  culture.  These  biochemical 
changes  coincide  with  the  development  of  SA-p-gal  activity,  as  reported 
previously  (Reddy  et  al.,  2010). 

As  establishment  of  SWING  state  critically  depends  upon  accumula¬ 
tion  of  p21,  to  link  H2AX  downregulation  with  the  development  of 
SWING  phenotype,  we  utilized  the  p21KO  derivative  of  MCF10A  cells. 
Control  and  NeuT-expressing  MCF10A  p21KO  cells  were  treated  with 
doxorubicin,  and  levels  of  yH2AX  and  total  H2AX  were  assayed  by 
Western  blotting  with  the  corresponding  antibodies.  In  contrast  to 
parental  MCF10A  cells,  in  p21KO  cells,  expression  of  NeuT  neither 
caused  suppression  of  yH2AX  following  genotoxic  treatments  (Fig.  5B), 
nor  led  to  reduction  of  H2AX  levels  (Fig.  5C).  Similarly,  we  did  not 
observe  NeuT-induced  suppression  of  yH2AX  in  p53  knockdown  cells 
(Fig.  5B).  Thus,  downregulation  of  H2AX  following  NeuT  expression 
depends  on  p53  and  p21,  thus  linking  the  DDR  suppression  to  the 
development  of  the  SWING  state. 

Similarly,  we  observed  that  expression  of  either  NeuT  or  Ras  oncogenes 
reduced  activation  of  Chkl .  In  control  cells,  UVC  irradiation  or  treatment 
with  doxorubicin  led  to  a  strong  activation  of  Chkl;  however,  in  both 
MCFIOA/NeuT  and  MCFIOA/Ras  cells  activation  of  Chkl  was  strongly 
suppressed  (Fig.  5E).  Similar  to  MCFIOA/NeuT,  we  observed  strong  sup¬ 
pression  of  both  yH2AX  and  phChkl  in  184B5/NeuT  cells  challenged 
with  doxorubicin  (Fig.  5F).  In  these  cells,  impairment  DDR  may  also  be 
mediated  by  downregulation  of  overall  levels  of  H2AX  and  Chkl.  (Fig¬ 
ure  5C  and  data  not  shown). 

Suppression  of  phChkl  and  yH2AX  triggered  by  oncogenes  as  part  of 
the  SWING  state  could  contribute  to  the  increased  DNA  instability  and 
karyotype  abnormalities  seen  in  cancers.  Accordingly,  we  performed  micro¬ 
nucleus  (MN)  assay.  Micronucleus  arise  when  extra-nuclear  chromosomal 
fragments  induced  by  DNA  damage  fail  to  incorporate  into  the  nucleus, 
and  therefore,  MN  frequency  correlates  with  genome  instability.  There  was 
only  a  minor  difference  in  MN  frequencies  in  MCFIOA/NeuT  and  MCF10A 
control  cells.  However,  NeuT  expression  significantly  potentiated  MN  for¬ 
mation  in  MCF10A  cells  upon  exposure  to  doxorubicin  (Fig.  6A). 

Increased  DNA  instability  in  cancer  is  often  manifested  in  aneuploidy. 
There  are  numerous  reports  demonstrating  that  aneuploidy  can  be  trig¬ 
gered  by  the  centrosome  dysfunction  (Katsura  et  al.,  2009).  To  address 
whether  SWING  state  associates  with  centrosome  dysfunction,  we  com¬ 
pared  the  number  of  centrosomes  detected  by  immunofluorescence  with 
anti-y-tubulin  antibody  in  control  MCF10A  and  MCFIOA/NeuT  cells. 
NeuT  expression  significantly  potentiated  centrosome  abnormalities. 
More  than  30%  of  MCF1  OA/NeuT  cells  had  either  more  than  two  centro¬ 
somes  per  cell  or  broken  centrosomes,  as  compared  to  13%  in  control 
MCF10A  cells  (Fig.  6B). 

To  test  whether  H2AX  downregulation  potentiates  the  centrosome 
abnormalities  in  SWING  cells,  we  expressed  H2AX  protein  using  the  retro¬ 
viral  expression  system.  (Expression  levels  of  H2AX  are  shown  on  Fig.  6C.) 
Specifically,  cells  were  simultaneously  infected  with  NeuT  and  H2AX 
viruses  or  corresponding  control  viruses  and  centrosomes  were  scored  at 
day  6  postinfection.  H2AX  expression  significantly  alleviated  centrosome 
abnormalities  seen  in  SWING  cells  (Fig.  6B).  Taken  together,  these  data 
indicate  that  SWING  state  is  characterized  by  enhanced  DNA  instability 
apparently  because  of  suppression  of  certain  branches  of  the  DDR. 

SWING  cells  are  sensitive  to  genotoxic  stresses 

As  SWING  cells  have  reduced  activation  of  Chkl  and  H2AX  and  higher 
DNA  instability,  we  hypothesized  that  low-level  genotoxic  stresses  may 


©  201 1  The  Authors 

Aging  Cell  ©  201 1  Blackwell  Publishing  Ltd/Anatomical  Society  of  Great  Britain  and  Ireland 


956  Oncogenes  induce  atypical  senescence  phenotype,  M.  Y.  Sherman  et  al. 


(B) 


Cont.  NeuT  Cont. 


NeuT 


Coni.  NeuT 


Dojt. 


Dos  —  Dos.  _  Dos.  —  Dos.  _  Dps. 


-  3h5h-  3hSh  -  3  h  5  h  -  3h  Sh  -3li§h^3h5h 

MCF I  O.V  WT  MCF 10A  p21  -A  MCFIOA  sh|> W 


^  yHlAX 
ac  tin 


(C) 


MCFIOA 


1-10  fed  ►iOfod 


mns 


t.ont  NeuT 

-  uv  -  uv 

-  -yH2AX 

■<  iclin 

-  Ill  -  1  h 

MCFIOA  WT 


CODt. 


Ras 


_  uv  Oox.  _  UV  Do*. 


-*YH2AX 

i  actin 


C.  Ras 


NeuT 


H2AX 


Conk  XwiT 

—  —  H2AX 


_ r  ^ 

act  in 

actin 

wt 

p2  u- 

1  0.4  HIAX/adln 

<EW 

NeuT 

Coot  NeuT 

-- 

— 

- - 

-  1  2  —  1  2 

UVr  hours 

1  S  ^  J  s 

Doxorubicin,  hours 

Coni. 

Ras 

—  — 

mm  mm 

phChkl 

-  UV  Dox 

-  UV  Dos 

actin 

:  phChkl 
:  actin 


(D) 

H2AX 


WT 


-  1h  3b  5  h  -  1  h  3h  5ti 

MCFI  OA  WT 


NeuT 


p21 


JQP- 

/  $  ;  \ 

*  j  ’ 

Vi  1  "•  i  M 

i  a 

(F) 


184B5 

Com.  NeuT 


-  0.25  0.5  1 

—  0.25  0.5  1 

DoxorubLdb. 

|im  -  5  h 

Cent 

NeuT 

^  ”  S  wB  wS 

-  0,25  0,5  1 

-  0-25  0,5  I 

-=ytl2AX 

actin 


^  phChkl 
’'s  attiri 


Doxorubicin,  (im  —  5  h 


Fig.  5  Downregulation  of  Chkl  and  H2AX  in  SWING  cells.  (A)  Effect  of  NeuT  oncogene  on  yH2AX  foci  formation  following  doxorubicin  treatment.  Control  and  NeuT- 
expressing  cells  were  treated  with  200  nM  doxorubicin  for  3  h;  cells  were  fixed  and  immunostained  with  anti-yH2AX  antibody.  (B)  Effects  of  Ras  and  NeuT  oncogenes  on 
yH2AX  levels  following  treatments  with  genotoxic  stresses.  Treatment  conditions  were  the  same  as  in  Fig.  4A.  Levels  of  yH2AX  were  assessed  by  immunoblotting.  Of  note,  in 
p21  KO  and  shp53  cells  (upper  panel),  expression  of  NeuT  did  not  lead  to  suppression  of  yH2AX.  (C)  Effects  of  oncogenes  on  the  expression  levels  of  histone  H2AX,  as 
assessed  by  immunoblotting  with  anti-H2AX  antibody.  Samples  were  taken  on  day  6  postinfection  for  MCF1 0A  cultures  and  on  day  1 2  postinfection  for  1 84B5  cultures.  (D) 
Expression  of  NeuT  upregulates  p21  and  downregulates  H2AX  in  mammary  tissue  of  3-month-old  mice.  Mammary  glands  were  collected  from  control  and  MMTV/NeuT 
animals  and  sections  stained  for  p21  and  H2AX  with  the  corresponding  antibodies.  (E)  Oncogene-mediated  suppression  of  Chkl  phosphorylation  in  response  to  genotoxic 
treatments.  Cells  were  infected  with  control,  NeuT-  or  Ras-expressing  retroviruses.  At  day  6  postinfection,  cells  were  treated  with  either  1 00  J/rrT2  UV  or  0.5  |im  doxorubicin. 
Samples  were  taken  at  indicated  time  points  after  the  treatments  and  levels  of  phosphorylated  Chkl  were  assessed  by  immunoblotting.  Bottom  panel  -  samples  were  taken 
1  h  after  UV  irradiation  or  5  h  treatment  with  doxorubicin.  (F)  Effects  of  NeuT  oncogene  on  yH2AX  and  phChkl  levels  in  1 84B5  following  treatments  with  indicated  doses  of 
doxorubicin. 


cause  stronger  DNA  damage  in  these  cells  compared  with  control  cells, 
thus  leading  to  enhanced  induction  of  p21.  To  test  this  possibility,  we 
treated  control  and  MCFIOA/NeuT  cells  with  doxorubicin  and  assayed 
p21  levels  by  immunoblotting.  Following  doxorubicin  treatment,  the  lev¬ 
els  of  p21  were  higher  in  MCFIOA/NeuT  cells  than  in  control  cells 
(Fig.  6D).  To  test  whether  stronger  p21  induction  was  caused  by  the 


reduced  expression  of  H2AX,  we  expressed  H2AX  in  control  and 
MCFIOA/NeuT  cells  using  a  retroviral  expression  system,  and  monitored 
p21  levels.  A  buildup  of  p21  upon  exposure  to  low  doses  of  doxorubicin 
was  suppressed  in  H2AX-MCF10A/NeuT  cells,  as  compared  to 
MCFIOA/NeuT  cells  (Fig.  6D).  Therefore,  the  H2AX  deficiency  observed 
in  SWING  cells  is  critical  for  overinduction  of  p21 . 
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Fig.  6  Chromosome  instability  and  sensitivity  toward  genotoxic  stress  in  SWING  cells.  (A)  Fractions  of  micronuclei  in  control  and  NeuT-expression  cells  with  or  without 
genotoxic  treatments.  Cells  were  treated  with  indicated  doses  of  doxorubicin  for  three  hours  and  micronuclei  were  counted.  (B)  Centrosome  abnormalities  in  SWING  cells. 
Control  and  NeuT-expressing  cells  were  fixed  on  day  6  postinfection  and  immunostained  with  y-tubulin  to  visualize  centrosomes.  Fractions  of  cells  with  defective  centrosomes 
or  increased  number  of  centrosomes  were  counted.  Centrosomes  are  marked  by  white  arrowheads.  Blow  up  of  a  section  of  cells  with  abnormal  centrosomes  is  shown  in  two 
small  panels.  Nuclei  with  normal  centrosome  pair  is  shown  on  the  right  panel,  in  the  middle.  Of  note,  overexpression  of  H2AX  reverses  the  effect  of  NeuT  expression.  (C) 

Levels  of  H2AX  in  cells  infected  with  H2AX-expressing  retrovirus.  (D)  Overexpression  of  H2AX  reverses  effects  of  NeuT  on  p21  induction  by  doxorubicin.  Conditions  were  the 
same  as  in  Fig.  4.  (E)  SWING  cells  are  more  sensitive  to  genotoxic  stress  than  control  cells.  Graph  shows  fractions  of  Ki67-positive  cells  in  control  and  NeuT-expressing 
populations  following  3-day  treatment  with  indicated  doses  of  doxorubicin.  (F)  Effects  of  H2AX  expression  on  propagation  of  SWING  cells  following  doxorubicin  treatment 
(50  nM)  as  measured  in  PKH67  loading  experiment,  same  as  in  Fig.  3B. 


Increased  accumulation  of  p21  suggests  that  SWING  cells  exposed  to 
DNA-damaging  stresses  may  be  vulnerable  to  senescence  and  permanent 
growth  arrest,  and  thereby  may  have  increased  sensitivity  to  genotoxic 
stress.  In  line  with  this  possibility,  there  was  only  minor  reduction  in  the 
fraction  of  Ki67  positive  cells  when  control  MCF10A  cells  were  treated 
with  50  nM  doxorubicin  (from  78%  to  70%),  while  under  similar  condi¬ 
tions  the  fraction  of  Ki67-positive  MCFIOA/NeuT  cells  dropped  from 
84%  to  30%  (Fig.  6E).  Incubation  with  100  nM  doxorubicin  led  to  about 
40%  of  Ki67-positive  control  cells  and  14%  of  Ki67-positive  MCF10A/- 
NeuT  cells  (Fig.  6E). 

Further,  we  monitored  growth  of  control  and  MCFIOA/NeuT  cells 
challenged  with  low  doses  of  doxorubicin  (40  nM)  using  PKH67.  As 
mentioned  earlier,  under  these  conditions,  MCFIOA/NeuT  cells  almost 
completely  stopped  dividing  as  manifested  by  accumulation  of  signifi¬ 
cant  proportion  (about  80%)  of  brightly  stained  cells  (Fig.  2B).  On  the 
other  hand,  this  treatment  led  to  only  minor  reduction  in  the  rate  of 
dye  dilution  in  control  MCF10A  cells,  indicating  that  the  low  dose  of 
doxorubicin  did  not  provoke  significant  growth  inhibitory  response  in 


these  cells  (Fig.  2B  right  panels  and  graph).  Similarly,  PKH67  labeling 
of  MCFIOA/Ras  cells  showed  that  these  cells  become  highly  prone  to 
senescence-inducing  stresses  and  readily  stopped  dividing  upon  treat¬ 
ment  with  40  nM  doxorubicin  (Fig.  2B  right  panels).  These  experi¬ 
ments  indicate  that  expression  of  NeuT  or  Ras  oncogenes  sensitized 
MCF10A  cells  to  DNA  damage  by  promoting  growth  arrest  following 
genotoxic  insult. 

A  plausible  explanation  for  this  effect  is  that  SWING  cells  have  a  defect 
in  H2AX,  which  is  critical  for  DNA  repair,  and  thus  experience  stronger 
DNA  damage  when  exposed  to  genotoxic  treatments.  Hence,  we  tested 
whether  expression  of  H2AX  can  reverse  growth  inhibition  of  SWING  cells 
challenged  by  low  doses  of  genotoxic  stress.  Growth  rates  of  cells 
infected  simultaneously  or  separately  with  NeuT  and  H2AX  viruses  as  well 
as  control  viruses  were  evaluated  using  the  PKH67  loading  experiment,  as 
described  earlier  (see  Fig.  2B).  Expression  of  H2AX  significantly  potenti¬ 
ated  growth  of  MCFIOA/NeuT  cells  treated  with  low  doses  of  doxorubi¬ 
cin  (Fig.  6F).  Of  note,  growth  of  untreated  or  doxorubicin-treated  control 
MCF10A  cells  was  not  affected  by  H2AX  overexpression.  Altogether 
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these  experiments  indicate  that  (i)  downregulation  of  H2AX  is  an  impor¬ 
tant  property  of  the  SWING  cells,  (ii)  downregulation  of  H2AX  leads  to 
DNA  instability  and  subsequent  overinduction  of  p21,  which  in  turn 
makes  SWING  cells  sensitive  to  genotoxic  stresses. 

Discussion 

Oncogene-induced  senescence  represents  one  of  the  major  protective 
responses  that  guard  multicellular  organisms  from  tumor  development. 
However,  oncogenes  are  reported  to  have  opposing  effects  on  cell  prolifer¬ 
ation  and  may  trigger  both  senescence  and  transformation  (Braig  eta/., 
2005;  Bartkova  et  al.,  2006).  These  observations  make  it  critical  to  investi¬ 
gate  what  specific  parameters  determine  the  outcome  of  oncogene  activa¬ 
tion  on  cellular  proliferation.  Here,  we  report  that  expression  of  either 
NeuT or  Ras oncogene  in  immortalized  HMEC  lines  MCFIOAand  184B  trig¬ 
gers  the  development  of  the  SWING  state  where  cells  acquire  major  char¬ 
acteristics  of  senescent  cells,  including  enlargement,  flattening, 
vacuolization  and  SA-p-gal  activity,  but  do  not  exit  the  cell  cycle.  In  con¬ 
trast,  expression  of  NeuT  oncogene  in  finite  HMEC  triggers  all  the  same 
morphological  changes  accompanied  with  a  similar  extent  of  SA-p-gal 
accumulation,  while  completely  preventing  cell  proliferation.  These  unex¬ 
pected  findings  indicate  that  appearance  of  SA-(3-gal,  which  commonly 
serves  as  a  major  criterion  of  senescence,  may  be  disconnected  from  the 
onset  of  growth  arrest.  In  line  with  this  idea,  there  are  many  reports  dem¬ 
onstrating  that  proliferative  hyperplastic  tissues  and  early  tumors  stain 
positive  for  SA-(3-gal  (Collado  et  al.,  2005;  Di  Micco  et  al.,  2006;  Reddy 
et  al.,  201 0).  Importantly,  this  work  implies  that  OIS  could  be  viewed  as  a 
complex  of  distinct  subprograms,  which  can  be  expressed  independently 
of  each  other,  and  therefore,  are  under  separate  molecular  control. 

Next,  we  investigated  weather  failure  of  MCF10A  cells  to  achieve  the 
major  senescence-associated  end  point  of  growth  arrest,  in  response  to 
Ras  or  NeuT  activation,  is  because  of  deficiencies  in  cell  cycle  regulation 
that  occurred  during  the  process  of  immortalization.  For  example, 
MCF1 0A  cells  do  not  express  the  CDK  inhibitor  pi  6  and  have  re-activated 
telomerase.  Noteworthy,  we  have  found  that  reconstitution  of  pi  6  levels 
in  MCF10A  cells  did  not  restore  OIS  following  expression  of  NeuT,  and 
did  not  affect  the  development  of  the  SWING  state.  In  contrast,  expres¬ 
sion  of  hTERT  in  finite  lifespan  HMEC  was  sufficient  to  switch  cellular 
response  to  NeuT  from  OIS  to  the  SWING  state.  Indeed,  these  cells,  while 
expressing  SA- (3-gal  at  about  the  same  level  as  control  HMEC,  continue 
proliferating  and  were  Ki67-positive.  Therefore,  telomerase  appears  to 
play  the  major  role  in  development  of  the  SWING  state,  while  pi  6  seems 
to  be  irrelevant.  These  data  indicate  that  NeuT-  or  Ras-induced  expression 
of  p21  in  cells  that  have  reactivated  telomerase  does  not  precipitate  OIS, 
but  rather  triggers  transition  to  the  SWING  state.  Noteworthy,  further 
switching  off  of  cell  cycle  regulators  prevented  the  development  of  all 
signs  of  senescence.  In  fact,  we  have  shown  that  SWING  phenotype  criti¬ 
cally  depends  upon  p21  and  did  not  develop  in  either  MCF10A  p21KO 
cells  or  p53  knockdown  cells. 

Interestingly,  the  SWING  state  is  associated  with  the  suppression  of 
DDR,  i.e.,  is  characterized  by  impaired  activation  of  H2AX  and  Chkl.  Of 
note,  DDR  suppression  apparently  is  also  mediated  by  the  p21  pathway 
as  it  was  observed  neither  in  MCF10A  cells  depleted  of  p53  nor  in 
MCF10Ap21  knockout  cells. 

Suppression  of  H2AX  and  Chkl  causes  a  number  of  defects  in  SWING 
cells,  including,  increased  sensitivity  to  genotoxic  stress,  increased  growth 
arrest  in  response  to  low  doses  of  genotoxic  stress,  and  increased  chro¬ 
mosome  instability.  Importantly,  all  these  deficiencies  can  be  reversed 
upon  expression  of  H2AX.  We  therefore  suggest  that  reduced  H2AX  acti¬ 
vation  leads  to  DNA  damage,  especially  upon  exposure  to  minor  genotox¬ 


ic  stress,  which  in  turn  promotes  instability.  An  interesting  possibility  is 
that  increased  DNA  instability  in  cancer,  at  least  in  early  stages,  could  be 
associated  with  the  SWING  phenotype  of  cells  and  consequently  suppres¬ 
sion  of  SWING  could  reduce  DNA  instability  in  cancer.  In  line  with  this 
possibility,  we  observed  that  expression  of  NeuT  promotes  upregulation 
of  p21  and  downregulation  of  H2AX  in  mammary  tissue  of  transgenic 
mice  obtained  from  3-month-old  animals.  These  effects  take  place  very 
soon  after  the  beginning  of  NeuT  expression  and  9-10  month  prior  to 
cancer  development.  We  propose  that  p21 -dependent  downregulation 
of  H2AX  may  be  an  important  factor  in  DNA  instability  in  early  Her2-dri- 
ven  precancerous  lesions  (Chen  et  al.,  2009). 

An  important  observation  is  that  cells  in  SWING  state  remain  vulner¬ 
able  to  senescence  when  challenged  by  a  minor  genotoxic  stress  that 
did  not  affect  proliferation  of  non-SWING  cells  (Fig.  2B).  These  results 
raise  the  possibility  that  the  enhanced  sensitivity  of  SWING  cells  to 
genotoxic  stresses  could  be  used  as  an  approach  toward  cancer  ther¬ 
apy.  In  fact,  these  cells  may  be  especially  sensitive  to  additional  sup¬ 
pression  of  H2AX. 

Noteworthy,  despite  that  SWING  cells  may  easily  progress  to  either 
senescence  arrest  or  malignant  transformation,  the  SWING  state  is  rela¬ 
tively  stable  and  persists  while  passing  cells  through  xenografts  and 
re-establishing  cell  culture.  Furthermore,  we  were  able  to  detect  a  popu¬ 
lation  of  SWING  cells,  expressing  both  SA-(3-gal  and  Ki67  markers,  in 
mammary  tumors  from  the  MMTVneu  mouse  model.  These  findings  sug¬ 
gest  that  SWING  cells  may  account  for  at  least  some  of  the  previously 
reported  SA-(3-gal-positive  cells  found  in  tumors. 

These  data  further  support  the  suggestion  that  cell  immortalization  is  a 
critical  step  in  tumorigenesis  as  immortalization  favors  transition  into  the 
SWING  upon  oncogene  activation,  which  can  further  evolve  to  a  malig¬ 
nant  state.  In  contrast,  as  reported  previously,  activation  of  oncogenes  in 
normal  epithelial  and  fibroblast  cells  leads  to  the  onset  of  OIS  (Zhu  et  al., 
1998).  The  reactivation  of  telomerase  associated  with  immortalization 
may  be  part  of  the  process  responsible  for  this  shift  in  response  to  onco¬ 
gene  activation  from  OIS  to  SWING  (Olsen  et  al.,  2002;  Stampfer  &  Yas- 
wen,  2003). 

Overall,  this  work  describes  new  phenomenon  associated  with  onco¬ 
gene  activation  and  OIS,  i.e.,  the  existence  of  the  SWING  state,  associated 
with  decreased  DDR  capacity  and  increased  vulnerability  to  genotoxic 
stresses.  These  results  suggest  a  novel  contributor  to  DNA  instability  in 
cancer,  and  the  potential  for  novel  clinical  interventions  in  cancer  by 
engaging  the  intact  capacity  of  cells  in  the  SWING  state  to  growth  arrest 
in  response  to  genotoxic  stresses. 

Experimental  procedures 

Cell  cultures,  treatments,  and  reagents 

HEK293  were  from  American  Type  Culture  Collection.  There  were  two 
sources  of  MCF10A  cells,  from  ATCC  and  a  kind  gift  of  Dr.  B.  Park. 
MCF10A  p21  KO  cells  were  from  Dr.  B.  Park.  HEK293  cells  were  grown  in 
DMEM  supplemented  with  10%  fetal  bovine  serum;  MCF10A  and 
MCF10A  p21  KO  cells  were  grown  in  DMEM/F12  (1:1,  v:v)  containing 
5%  horse  serum  and  supplemented  with  10  mg  L-1  insulin,  20  pg  L-1 
epidermal  growth  factor,  50  pg  L-1  cholera  toxin,  50  mg  L-1  hydrocorti¬ 
sone,  100  units  ml_-1  penicillin,  and  0.1  mg  ml_-1  streptomycin  in  a 
humidified  environment  at  37  °C  with  5%  C02.  Finite  prestasis  HMEC 
from  specimen  184,  batch  D,  and  their  immortalized  derivative  lines, 
184BTERT,  184DTERT,  and  184B5,  were  derived  and  grown  as  described 
(Stampfer  &  Bartley,  1985;  Garbe  et  al.,  2009).  UVC  irradiation  was  per¬ 
formed  with  UV  Stratalinker  1800  from  Stratagene  (Cedar  Creek,  TX, 
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USA).  Doxorubicin  was  from  BioMol  (Plymouth  Meeting,  PA,  USA)  (Cat.  # 
GR-319);  PKH67  was  from  Sigma  (Sigma-Aldrich  Corporation,  MO, USA) 
(Cat.  #0099K0787). 

Cell  cycle  reporters 

Lentiviruses  expressing  G1/S  and  S/G2  cell-cycle  reporters  (mK02- 
hCdt1(30/120)  [red]  or  mAG-hGem(1/1 10)[green])  were  from  RIKEN 
Bioresource  Center  (Tsukuba,  Ibaraki  Prefecture,  Japan)  (Sakaue-Sawano 
etal.,  2008).  Cells  were  infected  with  corresponding  viruses  and 
observed  on  day  2  postinfection.  Cells  in  S-phase,  expressing  both  mark¬ 
ers  can  be  seen  as  yellow. 

Recombinant  retroviral  vectors 

H2AX-expressing  lentivirus  and  control  'empty'  lentivirus  were  a  kind  gift 
of  Dr.  E.  Brown  (University  of  Pennsylvania  Medical  School);  NeuT  and 
control  (pBABE)  retroviral  vectors  were  a  kind  gift  of  Dr.  C.  Spangenberg 
(Trost  etal.,  2005).  This  version  of  NeuT  carries  the  activating  V664E 
mutation  (NeuT).  H-RAS  VI 2  and  control  (Babe)  retroviral  vectors  were 
kindly  provided  by  Dr.  S.  Lowe  (Gabai  etal.,  2009).  Retro-  and  lenti¬ 
viruses  were  produced  as  reported  before  (Yaglom  etal.,  2007;  Gabai 
etal.,  2009).  Briefly,  HEK293T  cells  were  co-transfected  with  plasmids 
expressing  retroviral  proteins  Gag-Pol,  vesicular  stomatitis  virus  glycopro¬ 
tein  pseudotype  and  enhanced  green  fluorescent  protein  or  our  con¬ 
structs  using  Lipofectamine  2000  (Invitrogen,  Carlsbad,  CA,  USA).  At 
48  h  after  transfection,  supernatants  containing  the  retroviral  particles 
were  collected  and  frozen  at  -80  °C  until  use.  Cells  were  infected  with 
diluted  supernatant  in  the  presence  of  10  pg  mL-1  Polybrene  overnight, 
and  were  selected  with  puromycin  (0.75  pg  mL-1)  48  h  after  infection. 
Retroviral  vectors  expressing  enhanced  green  fluorescent  protein  was 
used  as  infection  efficiency  indicator:  usually  approximately  90%  of  cells 
were  fluorescent  2  days  after  infection.  Lentiviruses  were  produced  the 
same  except  for  HEK293T  transfections  lentivirus-specific  packaging  plas¬ 
mids  psPAX2  and  PMD2.G  from  Addgene  were  used. 

Immunoblotting 

Cells  lysates  were  prepared  as  described  (Yaglom  et  a!.,  2007).  Antibod¬ 
ies  used  in  the  study  were  p-actin  from  Sigma;  phospho-Chkl  (Ser345), 
p21  from  BD  Pharmingen  (San  Diego,  CA,  USA);  NeuT  (Ser  1981)  were 
the  kind  gift  from  Dr.  T  Kowalik  (University  of  Massachusetts  Medical 
Center,  Worchester);  yH2AX  (Seri  39)  were  from  Millipore  (Billerica,  MA, 
USA)  (Cat.#  05-636).  Rabbit  Polyclonal  Ki  67  Antibody  was  from  Thermo 
Scientific  (Barrington,  IL,  USA)  (Cat.  #:RB-9043-P),  and  y-tubulin  was 
from  Santa  Cruz  (sc-17787;  Santa  Cruz  Biotechnology,  Inc.,  Santa  Cruz, 
CA,  USA).  Quantification  of  blots  was  performed  using  Quantity  One 
software  (Bio-Rad,  Waltham,  MA,  USA). 

Cell  growth  analysis 

Growth  rate\  Cell  growth  curve  was  performed  by  seeding  5000  cells  per 
well  in  12-well  plate;  on  three  consecutive  days,  cells  were  harvested  by 
trypsinization  and  cell  numbers  were  counted  with  Scepter  Automated 
Cell  Counter  (Millipore). 

Measurement  of  cellular  diameters  was  performed  using  AuxioVision 
software. 

FACS  analysis  was  performed  on  BD  Biosciences  (San  Jose,  CA,  USA) 
FACSCalibur,  and  data  were  analyzed  with  BD  Cellquest  Pro  v5.2 
software. 


PKH67  assay  was  carried  out  according  to  manufacture  protocol. 
Briefly,  PKH67  dye  was  added  to  trypsinized  single-cell  suspension,  incu¬ 
bated  for  5  min;  staining  was  stopped  by  adding  equal  volume  of  horse 
serum  for  1  min.  Cells  were  washed  twice  and  plated.  First  images  were 
taken  16  h  after  plating. 

H&E  staining  was  carried  out  using  Mayer's  hematoxylin  solution 
(Sigma). 

Immunohistochemistry 

One-centimeter  tumors  were  excised  from  animals  and  fixed  in  formalin 
at  4  °C  overnight.  Next  day,  tumors  were  trimmed  into  thin  pieces  and 
stained  with  p-gal  solution  for  48  h.  Tumor  pieces  were  embedded  into 
paraffin  and  processed  into  slides  (10  pm  in  thickness).  Ki-67  staining 
was  performed  on  these  slides  via  standard  ABC  method  (Vector  Labora¬ 
tory,  Burlingame,  CA,  USA).  H2AX  and  p21  staining  was  performed  on 
paraffin-embedded  sections  of  mammary  glands. 

Immunofluorescence 

After  treatments,  cells  were  fixed  in  100%  ice-cold  methanol  at  -20  °C 
for  30  min,  permeabilized  in  0.2%  Triton  X-1 00/PBS  for  1 5  min  at  room 
temperature  (RT),  blocked  in  3%  BSA/PBS  for  1  h,  and  incubated  with 
corresponding  primary  Ab  in  the  cold  room  (yH2AX  at  1:200;  Ki  67  at 
1:100;  y-tubulin  -  1:200;  all  dilutions  were  carried  out  with  3%  BSA/PBS) 
followed  by  incubation  with  secondary  Ab  for  1  h  at  RT.  Images  were 
analyzed  using  Zeuss  fluorescent  microscope  (Carl  Zeiss,  Oberkochen, 
Germany). 

Mouse  xenografts  and  cell-culture  re-established  from 
tumor 

Animal  maintenance  and  experiments  were  conducted  in  compliance 
with  the  guidelines  of  the  Institutional  Animal  Care  and  Use 
Committee.  Briefly,  NeuT-infected  MCF-10A  cells  were  trypsinized, 
mixed  at  1:1  ratio  with  matrigel  (BD  Scientific,  San  Jose,  CA,  USA) 
and  0.5  million  cells  were  injected  subcutaneously  into  6-week-old 
female  NCR  nude  mice  (Taconic,  Hudson,  NY,  USA).  Tumor  growth 
was  monitored  weekly. 

When  developed  tumors  reached  0.5  cm,  they  were  excised  and 
immediately  placed  in  PBS.  Tumor  was  cut  into  small  fragments  that 
were  placed  in  MCF10A  media  w/out  serum  supplemented  with 
100  u  mL-1  of  collagenase  (Sigma)  and  incubated  ON  at  37  °C.  Next 
morning  cell  suspension  was  passed  through  cell  strainer  with  75  pM 
mesh  (BD  scientific).  Cells  were  washed  twice  with  media  with  serum 
and  plated. 

p-Galactosidase  assay 

The  p-galactosidase  assay  was  performed  using  X-Gal  (5-bromo-4- 
chloro-3-indolyl-p-D-galactopyranoside)  at  pH  6.0,  as  described  earlier 
(Yaglom  et  at,  2007).  The  number  of  stained  cells  was  counted  under  a 
microscope  from  five  different  fields,  and  the  proportion  of  stained  cells 
was  calculated.  The  results  were  expressed  as  mean  value  ±  SD  on  three 
independent  experiments. 

MN  assay 

Cells  were  incubated  with  cytochalasin  B  (3.5  pg  mL-1)  for  48  h,  fixed 
in  Carnoy's  fixative  (3:1  methanohacetic  acid)  three  times  for  15  min 
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each,  and  stored  at  -20  °C.  Micronucleus  scoring  was  carried  out 
after  cells  were  dropped  on  slides,  air  dried,  and  stained  with  acridine 
orange  (30  |ig  ml_-1).  Per  each  point  at  least  300  bi-nucleated  cells 
were  evaluated.  Three  independent  experiments  were  performed,  and 
MN  frequency  was  expressed  as  the  number  of  MN  per  binucleated 
cell. 

Statistical  analysis 

The  data  shown  are  means  ±  SE  of  three  independent  experiments. 
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Epigenetic  mechanisms  are  important  regulators  of  cell  type-specific  genes,  including  miRNAs.  In  order  to  identify  cell 
type-specific  miRNAs  regulated  by  epigenetic  mechanisms,  we  undertook  a  global  analysis  of  miRNA  expression  and 
epigenetic  states  in  three  isogenic  pairs  of  human  mammary  epithelial  cells  (HMEC)  and  human  mammary  fibroblasts 
(HMF),  which  represent  two  differentiated  cell  types  typically  present  within  a  given  organ,  each  with  a  distinct  phenotype 
and  a  distinct  epigenotype.  While  miRNA  expression  and  epigenetic  states  showed  strong  interindividual  concordance 
within  a  given  cell  type,  almost  10%  of  the  expressed  miRNA  showed  a  cell  type-specific  pattern  of  expression  that  was 
linked  to  the  epigenetic  state  of  their  promoter.  The  tissue-specific  miRNA  genes  were  epigenetically  repressed  in  non¬ 
expressing  cells  by  DNA  methylation  (38%)  and  H3K27me3  (58%),  with  only  a  small  set  of  miRNAs  (21%)  showing 
a  dual  epigenetic  repression  where  both  DNA  methylation  and  H3K27me3  were  present  at  their  promoters,  such  as 
MIR10A  and  MIR10B.  Individual  miRNA  clusters  of  closely  related  miRNA  gene  families  can  each  display  cell  type-specific 
repression  by  the  same  or  complementary  epigenetic  mechanisms,  such  as  the  MIR200  family,  and  MIR205 ,  where  fibroblasts 
repress  MIR200C/141  by  DNA  methylation,  MIR200A/200B/429  by  H3K27me3,  and  MIR205  by  both  DNA  methylation  and 
H3K27me3.  Since  deregulation  of  many  of  the  epigenetically  regulated  miRNAs  that  we  identified  have  been  linked  to 
disease  processes  such  as  cancer,  it  is  predicted  that  compromise  of  the  epigenetic  control  mechanisms  is  important  for  this 
process.  Overall,  these  results  highlight  the  importance  of  epigenetic  regulation  in  the  control  of  normal  cell  type-specific 
miRNA  expression. 

[Supplemental  material  is  available  for  this  article.] 


MicroRNAs  (miRNA)  are  short  single-stranded  RNA  molecules  that 
regulate  gene  expression  at  the  post-transcriptional  level  by  in¬ 
hibiting  translation  of  target  mRNAs  or  by  stimulating  their  deg¬ 
radation.  Mature  miRNAs  are  processed  from  hairpin  precursors 
that  are  either  encoded  by  dedicated  miRNA  genes  that  are  often 
found  in  clusters,  or  they  reside  in  the  introns  of  protein-coding 
genes  and  are  processed  following  transcription  of  the  host  gene. 
According  to  current  estimates,  there  are  >1000  miRNAs  expressed 
from  over  500  transcriptional  units  (miRNA  genes)  encoded  in  the 
human  genome.  These  miRNAs  control,  in  part,  the  expression  of 
about  two-thirds  of  human  genes  (Friedman  et  al.  2009).  miRNAs 
are  involved  in  determination  of  cell  identity  and  their  expression 
is  often  deregulated  in  cancer  (Peter  2009);  however,  relatively  lit¬ 
tle  is  known  about  how  their  expression  is  regulated.  Evidence  is 
emerging  that  similar  to  protein-coding  genes,  epigenetic  mecha¬ 
nisms  play  an  important  role  in  this  process  (Iorio  et  al.  2010). 

Epigenetic  mechanisms  involve  DNA  methylation  and  post- 
translational  modifications  of  chromatin  proteins,  including  his¬ 
tones.  5-methylcytosine  residues  are  a  feature  of  transcriptionally 
silent  heterochromatin,  and  this  epigenetic  mark  is  indispensable 
for  mammalian  development;  it  participates  in  X  chromosome 
inactivation,  gene  imprinting,  and  control  of  cell  type-specific 
gene  expression  patterns  (Bird  2002;  Lister  et  al.  2009;  Laurent 
et  al.  2010).  Methyl  groups  are  deposited  on  CpG  cytosine  residues 
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by  de  novo  DNA  methyltransferases,  DNMT3A  and  DNMT3B,  and 
then  maintained  by  DNA  methyltransferase  DNMT1  (Jaenisch  and 
Bird  2003;  Miranda  and  Jones  2007).  In  addition  to  DNA  methyl¬ 
ation,  there  exist  a  number  of  post-translational  modifications  on 
histones  that  act  as  positive  or  negative  epigenetic  regulators  of 
gene  expression.  Two  major  repressive  histone  marks  commonly 
present  in  euchromatin  regions  are  trimethylation  of  histone  H3  at 
lysine  27  (H3K27me3)  and  dimethylation  of  histone  H3  at  lysine  9 
(H3K9me2).  The  H3K27me3  modification  is  deployed  by  the  his¬ 
tone  methyltransferase  EZH2,  a  part  of  the  polycomb  repressive 
complex  2  (PRC2)  (Simon  and  Kingston  2009).  The  H3K9me2  re¬ 
pressive  histone  modification  is  deposited  by  G9a,  a  member  of  the 
H3K9-specific  histone  methyltransferases  (Tachibana  et  al.  2002). 
Two  major  permissive  marks  are  trimethylation  of  histone  H3  at 
lysine  4  (H3K4me3)  and  acetylation  of  histone  H3  at  multiple  ly¬ 
sine  residues  (H3Ac)  (Liang  et  al.  2004).  Recent  evidence  suggests 
that  epigenetic  control  is  also  involved  in  the  regulation  of  miRNA 
gene  expression  in  both  normal  and  cancer  cells  (Bueno  et  al.  2008; 
Kozaki  et  al.  2008;  Lujambio  et  al.  2008;  Vrba  et  al.  2010). 

To  more  fully  understand  the  role  of  epigenetic  mechanisms 
in  the  regulation  of  normal  cell  type-specific  miRNA  expression, 
we  studied  three  different  isogenic  pairs  of  human  mammary  ep¬ 
ithelial  cells  (HMEC)  and  human  mammary  fibroblasts  (HML) 
derived  from  reduction  mammoplasty  tissue  (Garbe  et  al.  2009). 
These  normal,  previously  characterized  (Garbe  et  al.  2009;  Novak 
et  al.  2009)  finite  lifespan  cells  represent  two  differentiated  cell 
types  typically  present  within  a  given  organ,  each  with  a  distinct 
phenotype  and  a  distinct  epigenotype.  The  analysis  of  multiple 
genotypes  allowed  us  to  assess  interindividual  variability  in  miRNA 
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expression  and  epigenetic  marks  and  more  precisely  identify 
miRNA  genes  targeted  by  epigenetic  regulation.  To  identify  cell 
type-specific  miRNAs  regulated  by  epigenetic  mechanisms  in 
normal  cells,  we  integrated  miRNA  expression  data  obtained  by 
high-throughput  sequencing  of  small  RNA  libraries  with  the  epi¬ 
genetic  profiles  of  their  miRNA  promoter  regions  obtained  using 
a  custom  designed  miRNA  tiling  microarray.  Results  from  this 
analysis  showed  that  miRNA  gene  expression  and  epigenetic  state 
display  high  interindividual  concordance  within  a  given  cell  type; 
however,  intercell- type  concordance  was  lower,  with  13%  of 
expressed  miRNAs  showing  >  10-fold  difference  in  expression  be¬ 
tween  the  two  normal  mammary  cell  types.  We  found  that  a  ma¬ 
jority  of  these  cell  type-specific  miRNAs  are  regulated  by  epige¬ 
netic  mechanisms  in  normal  cells;  38%  were  subject  to  DNA 
methylation-mediated  repression  of  their  promoter  in  the  normal 
nonexpressing  cells,  while  58%  were  subject  to  H3K27me3 -medi¬ 
ated  repression  of  their  promoter  in  normal  nonexpressing  cells. 
Overall,  there  is  limited  overlap  of  these  two  repressive  marks  at 
individual  miRNA  promoters,  although  a  few  notable  exceptions, 
MIR10A ,  MIR10B,  and  MIR205  appear  to  be  under  dual  epige¬ 
netic  repression  by  both  DNA  methylation  and  H3K27me3  in 
normal  nonexpressing  cells.  In  other  cases,  DNA  methylation 
and  H3K27me3  independently  target  individual  miRNA  clusters 
in  order  to  repress  complete  miRNA  families.  These  results  indi¬ 
cate  that  a  significant  fraction  of  cell  type-specific  miRNAs  are 
regulated  at  the  epigenetic  level  and  that  these  miRNAs  are  likely 
to  be  important  targets  in  human  diseases  caused  by  epigenetic 
dysfunction. 

Results 

We  determined  miRNA  expression  in  normal  human  mammary 
epithelial  and  fibroblast  cells  by  high-throughput  sequencing  of 
small  RNA  libraries  prepared  from  three  isogenic  pairs  of  HMEC, 
and  HMF  from  specimens  48,  184,  and  240.  About  3.7  million 
reads  in  each  library  were  aligned  to  annotated  miRNA  regions. 
Detailed  information  about  sequencing  data  quality  is  provided 
in  Supplemental  Figures  1  and  2  and  Supplemental  Table  1.  This 
miRNA  transcriptome  sequencing  data  showed  that  392  of  703 
(mirbase  13)  mature  miRNAs  were  expressed  in  HMEC  and/or  HMF 
at  levels  that  ranged  from  zero  to  one  million  counts  per  library, 
demonstrating  a  large  dynamic  range  of  miRNA  expression.  The 
expression  level  of  these  392  miRNAs  for  each  of  the  six  samples  is 
provided  in  Supplemental  Data  1.  Results  also  revealed  a  striking 
interindividual  concordance  in  miRNA  expression  within  a  cell 
type,  with  a  correlation  of  0.94-0.99  for  HMEC  and  0.97-0.98  for 
HMF  (Supplemental  Fig.  3). 

Intercell-type  concordance  was  considerably  lower  than 
interindividual  with  correlations  between  HMEC  and  HMF  ranging 
from  0.75  to  0.84,  indicating  a  substantial  population  of  miRNAs 
expressed  in  a  cell  type  selective  fashion.  Twenty  seven  percent 
(104/392)  of  the  expressed  miRNAs  showed  at  least  fourfold  (P  < 
0.05)  difference  in  expression,  with  68  showing  HMEC  selective 
expression,  and  36  showing  HMF  selectivity  (Fig.  1).  Thirteen 
percent  (50/392)  of  the  expressed  mature  miRNAs  showed  at  least 
a  10-fold  difference  in  expression  between  HMEC  and  HMF.  This 
fraction  was  considered  cell  type-specific,  with  32  miRNAs  be¬ 
ing  HMEC  specific  and  18  being  HMF  specific.  Figure  2  shows 
quantitative  expression  results  for  several  representative  cell  type- 
specific  miRNAs  that  illustrate  the  strong  interindividual  concor¬ 
dance  in  the  cell  type-specific  expression  as  well  as  the  magni¬ 
tudes  of  difference  that  can  be  seen  in  miRNA  expression 
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Figure  1.  Differential  miRNA  expression  between  HMEC  and  HMF 
obtained  from  three  independent  pairs  of  samples.  The  /-axis  displays  the 
HMEC  to  HMF  expression  ratio,  the  x-axis  displays  the  average  expression 
of  miRNAs;  both  axes  are  in  logarithmic  scale.  (Red)  Differentially 
expressed  miRNAs  (at  least  fourfold  difference  in  expression,  P-value 
<0.05).  (Blue  dashed  horizontal  lines)  Tenfold  differences  in  expression. 
Several  cell  type-specific  miRNAs  are  marked. 


between  the  different  cell  types  (exceeding  three  orders).  Examples 
of  mammary  epithelial  specific  miRNAs  include  miR-205,  the  two 
clusters  forming  the  miR-200  family,  and  the  miR-183/96/182 
cluster  (Fig.  2,  top).  The  miR-200b/200a/429  cluster  of  miR-200 
family  is  the  only  tissue-specific  cluster  that  displays  substantial 
variability  between  individual  HMEC  genotypes.  Mammary  fi¬ 
broblast-specific  miRNAs  are  represented  by  the  miR-10  family,  the 
miR-199  family  (and  miR-214),  and  the  miR-143/145  cluster  (Fig.  2, 
bottom).  To  verify  miRNA  sequencing  data  we  have  analyzed  the 
expression  of  10  selected  tissue-specific  miRNAs  by  real-time  PCR 
(Supplemental  Fig.  4).  The  real-time  PCR  data  are  in  high  concor¬ 
dance  with  miRNA  sequencing  data,  including  interindividual 
variability  of  miR-200b.  Overall,  these  miRNA  expression  results 
indicate  that  normal  human  mammary  cells  show  strong  cell  type- 
specific  patterns  of  a  substantial  fraction  of  miRNAs. 

Since  epigenetic  mechanisms  play  a  role  in  the  control  of 
cell  type-specific  protein-coding  genes,  we  performed  a  broad 
epigenomic  analysis  to  identify  epigenetically  regulated  miRNA 
genes.  A  custom  miRNA  gene  tiling  microarray  (described  in  de¬ 
tail  in  Methods)  was  used  to  probe  the  epigenetic  state  of 
miRNA  promoters  in  each  of  the  three  pairs  of  isogenic  HMEC- 
HMF.  5-methylcytosine  or  chromatin-immunoprecipitated  geno¬ 
mic  fractions  and  their  respective  inputs  were  hybridized  to  the 
microarrays.  Then,  miRNA  targets  of  DNA  methylation,  the  re¬ 
pressive  histone  marks  H3K27me3  and  H3K9me2,  and  the  per¬ 
missive  histone  marks  of  H3Ac  and  H3K4me3  were  identified.  The 
H3K4me3  mark  is  present  on  active  promoters  (Heintzman  et  al. 
2007),  reaching  a  maximum  peak  at  —500  bp  downstream  from 
the  transcription  start  site  (Guenther  et  al.  2007)  and  has  been 
extensively  used  to  identify  these  elements  (Marson  et  al.  2008; 
Ozsolak  et  al.  2008).  Therefore,  we  used  the  results  from  our 
H3K4me3  analysis  to  identify  and  refine  the  promoter  regions  of 
miRNA  genes  expressed  in  normal  HMEC  and  HMF  (100  or  more 
reads  across  the  libraries).  The  positions  of  the  identified  promoter 
regions  for  169  miRNA  genes  and  gene  clusters  including  232 
miRNA-coding  regions  are  provided  in  Supplemental  Data  2,  and  it 
is  these  169  regions  that  were  evaluated  for  epigenetic  state.  These 
169  regions  include  promoters  of  24  miRNA  gene  clusters  encod- 
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Figure  2.  Expression  data  for  selected  cell  type-specific  miRNA  genes  obtained  by  sequencing  of  small  RNA  libraries  from  isogenic  pairs  of  human 
mammary  epithelial  and  fibroblast  cells.  The  normalized  counts  for  each  sample  are  displayed.  (Green)  Individual  HMEC  samples;  (red)  their  paired  HMF 
samples.  The  expression  levels  of  the  392  detected  mature  miRNAs  across  all  six  samples  are  presented  in  Supplemental  Data  1 . 


ing  37  out  of  50  tissue-specific  miRNAs.  The  remaining  13  tissue- 
specific  miRNAs  were  either  expressed  in  lower  than  100  counts 
across  libraries  or  there  was  no  significant  H3K4me3  enrichment 
peak  in  the  region  covered  by  microarray  and  promoter  regions 
were  therefore  not  predicted  for  these  miRNAs. 

Figure  3  shows  correlations  that  exist  between  miRNA  ex¬ 
pression  and  the  miRNA  promoter's  epigenetic  state.  Specifically 


either  all  expressed  miRNA  genes,  or  those  10-fold  differentially 
expressed  were  compared  to  discover  a  correlation  to  the  DNA 
methylation  or  histone  modification  state  of  their  respective  pro¬ 
moters.  The  comparisons  show  that  for  cell  type-specific  miRNAs 
there  is  an  increase  in  correlation  between  miRNA  expression 
and  the  various  epigenetic  marks  at  their  promoter  regions.  As 
expected,  the  correlation  was  much  lower  when  we  analyzed  only 
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Figure  3.  Differences  in  HMEC/HMF  miRNA  expression  correlated  with  differences  in  epigenetic  marks  at  their  promoters.  We  used  data  from  all  probes 
within  a  2-kb  region  centered  on  the  predicted  TSS  region,  and  calculated  the  correlation  of  difference  in  enrichment  of  individual  epigenetic  marks 
between  the  cell  types.  (Left)  Correlations  for  all  169  miRNA  genes  and  gene  clusters,  where  the  promoter  was  predicted;  (right)  24  cell  type-specific 
miRNA  genes  only.  The  numbers  show  correlation  coefficients  for  individual  pairs  of  epigenetic  marks. 
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promoters  of  miRNAs  not  differentially  expressed  (Supplemental  Fig. 
5).  With  respect  to  permissive  histone  marks,  H3Ac  and  H3K4me3 
display  strong  positive  correlations  with  miRNA  expression  (Fig.  3), 
as  well  as  with  each  other,  consistent  with  a  transcriptionally  active 
state.  These  permissive  histone  marks  also  display  strong  negative 
correlations  with  DNA  methylation  and  the  repressive  histone 
modifications,  H3K27me3  and  H3K9me2. 

Repressive  epigenetic  marks  in  miRNA  promoter  regions 
show  increasingly  strong  negative  correlations  as  the  levels  of  cell 
type  differential  expression  increases.  In  miRNAs  that  show  a  >10- 
fold  difference  in  expression,  DNA  methylation  and  H3K27me3 
show  inverse  correlations  with  an  miRNA  expression  of  -0.70  and 
-0.77,  respectively,  suggesting  that  a  number  of  these  miRNAs  are 
epigenetically  regulated  (Fig.  3).  H3K9me2  shows  a  weaker  nega¬ 
tive  correlation  (-0.50)  that  is  more  closely  associated  with 
DNA  methylation  than  with  H3K27me3,  supporting  the  func¬ 
tional  linkage  between  H3K9me2  and  DNA  methylation  (Epsztejn- 
Litman  et  al.  2008).  While  DNA  methylation  and  H3K27me3  both 
have  strong  inverse  correlations  with  permissive  histone  marks 
and  miRNA  expression  state,  these  two  marks  do  not  correlate  well 
with  each  other  (0.41),  supporting  their  largely  independent 
mechanisms  and  distinct  targets  of  epigenetic  repression.  Taken 
together,  these  associations  suggest  that  a  subset  of  cell  type-spe¬ 
cific  miRNA  genes  are  repressed  by  DNA  methylation/H3K9me2 
and  others  by  H3K27me3,  while  only  a  small  fraction  of  these 
miRNA  genes  are  likely  to  be  repressed  by  both  epigenetic  marks.  In 
addition  to  promoter  regions,  we  also  analyzed  the  correlation 
between  repressive  epigenetic  marks  and  miRNA  expression  at 
miRNA  hairpin  encoding  regions  downstream  from  their  pro¬ 
moters  (Supplemental  Fig.  6).  In  these  regions,  H3K27me3  corre¬ 
lates  negatively  with  expression  at  the  level  similar  to  that  ob¬ 
served  in  promoter  regions.  DNA  methylation,  however,  does  not 
correlate  with  expression  in  hairpin  coding  regions.  These  results 
indicate  that  DNA  methylation  plays  a  promoter-centric  repressive 
role,  in  contrast  to  the  polycomb-specific  H3K27me3  that  spreads 
over  the  whole  regions  of  repressed  genes. 

We  further  focused  on  the  promoters  of  24  miRNA  genes  and 
gene  clusters  expressing  37  cell  type-specific  miRNAs  (Fig.  4). 
Eighteen  of  these  promoters  (75%)  show  cell  type-specific  patterns 
of  DNA  or  H3K27  methylation  that  are  linked  to  the  transcrip¬ 
tional  repression  of  their  associated  miRNAs  in  the  nonexpressing 
cell  type,  while  six  promoters  (25%)  show  no  substantial  cell  type- 
specific  differences  in  repressive  epigenetic  marks.  Nine  of  24 
promoters  (38%)  are  repressed  by  DNA  methylation,  14  of  24 
promoters  (58%)  are  differentially  occupied  by  polycomb-specific 
mark  H3K27me3,  and  interestingly,  five  of  the  18  epigenetically 
targeted  miRNA  promoters  possess  differences  in  both,  DNA 
methylation  and  H3K27me3,  suggesting  a  dual  epigenetic  repres¬ 
sion  of  these  miRNAs.  Examples  of  this  small  fraction  of  miRNA 
genes  under  dual  epigenetic  repression  by  DNA  methylation 
and  H3K27me3  include  the  HMEC-specific  MIR205  and  the  HMF- 
specific  MIR10A  and  MIR10B. 

miR-205  is  an  HMEC-specific  miRNA  that  is  functionally  re¬ 
lated  to  the  miR-200  family.  The  MIR205  gene  has  an  increased 
CpG  density  at  its  regulatory  region;  however,  it  does  not  have 
a  CpG  island  according  to  the  original  criteria  (Gardiner-Garden 
and  Frommer  1987).  H3K4me3  and  H3Ac  are  present  in  miR-205 
expressing  HMEC  cells,  but  are  absent  in  nonexpressing  HMF 
(Fig.  5 A).  In  contrast,  the  repressive  epigenetic  marks  of  DNA 
methylation,  H3K9me2  and  H3K27me3,  are  all  present  in  non¬ 
expressing  HMF,  but  are  absent  in  expressing  HMEC.  To  increase 
the  resolution  and  confirm  the  DNA  methylation  data  from  the 
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Figure  4.  Cell  type-specific  miRNA  genes  (clusters),  their  difference  in 
expression,  and  differences  in  occupation  of  their  promoter  regions  by 
five  epigenetic  marks.  The  data  are  presented  as  log2  (fold  difference 
HMEC/HMF).  The  color  scale  indicates  whether  the  data  behave  as 
expected  for  HMEC-specific  miRNAs  (green)  or  HMF-specific  miRNAs 
(red).  The  MIR424-450B  is  the  label  for  the  MIR424/503/542/450A2/ 
450A1/450B  cluster. 


microarray  analysis,  we  analyzed  certain  regions  in  more  detail 
using  MassARRAY  technology  (Fig.  5 A,  bottom).  The  results  from 
MassARRAY  are  in  agreement  with  the  microarray  data,  showing 
very  low  levels  of  methylation  in  all  HMEC  samples  and  high  levels 
of  DNA  methylation  in  HMF.  Therefore,  in  mammary  fibroblasts, 
the  MIR20S  gene  appears  to  be  under  a  dual  epigenetic  repression 
by  both  DNA  methylation  (linked  to  H3K9me2)  and  H3K27me3. 

A  similar  dual  epigenetic  control  is  seen  in  the  HMF-specific 
MIR10A  and  MIR  1 0B  miRNA  genes  located  within  the  HOXB 
and  HOXD  gene  clusters,  respectively.  In  MIR10A  and  MIR10B- 
expressing  fibroblasts,  H3K4me3  and  H3Ac  are  present  at  MIR10A 
and  MIR10B  promoters,  but  are  absent  in  nonexpressing  epithelial 
cells.  In  contrast,  the  repressive  H3K27me3  is  present  throughout 
the  whole  region  of  both  the  MIR10A  and  MIR10B  genes  in  non¬ 
expressing  HMEC,  but  is  absent  in  expressing  HMF  (Fig.  5B;  Sup¬ 
plemental  Fig.  7A),  consistent  with  the  knowledge  that  HOX  gene 
clusters  are  poly  comb  targets  (Simon  and  Kingston  2009).  In  ad¬ 
dition  to  the  repressive  H3K27me3  mark  in  HMEC,  the  MIR10A 
and  MIR10B  gene  promoters  also  show  HMEC-specific  DNA 
methylation  (Fig.  5B;  Supplemental  Fig.  7 A)  along  with  low  levels 
of  H3K9me2.  These  results  are  similar  to  those  seen  for  MIR205, 
suggesting  that  normal  cells  repress  some  miRNA  genes  using 
multiple  epigenetic  mechanisms. 

Most  epigenetically  targeted  cell  type-specific  miRNAs  are 
repressed  in  association  with  either  H3K27Me3  or  DNA  methyla¬ 
tion,  and  these  distinct  repressive  epigenetic  states  can  even  be 
seen  in  different  members  of  the  same  miRNA  families.  One  ex¬ 
ample  is  the  MIR200  family,  an  epithelial-specific  miRNA  family 
repressed  in  mesenchymal  cells.  In  this  case,  both  members  of  the 
MIR200  family  have  their  promoter  region  occupied  by  H3K4me3 
and  H3Ac  in  expressing  epithelial  cells.  In  contrast,  nonexpressing 


Genome  Research  2029 

www.genome.org 


Downloaded  from  genome.cshlp.org  on  April  3,  2012  -  Published  by  Cold  Spring  Harbor  Laboratory  Press 


Vrba  et  al. 


HMF  are  devoid  of  these  permissive  marks  and  instead,  each 
member  of  the  MIR200  family  is  targeted  by  different  repressive 
epigenetic  marks  in  these  cells.  The  promoter  for  the  MIR200B/ 
200 A/429  cluster  is  occupied  by  H3K27me3,  (Fig.  5C)  indicating 
that  polycomb  is  responsible  for  the  fibroblast  cell  type-specific 
repression  of  this  miRNA  gene.  DNA  methylation  of  the  MIR200B/ 
200A/429  gene  has  a  complex  pattern.  MassARRAY  analysis  re¬ 
vealed  that  the  transcription  start  region  located  in  the  distal  part 
of  the  CpG  island  is  unmethylated  in  HMEC  and  has  a  low  level  of 


methylation  in  HMF  (Fig.  5C).  The  other  analyzed  regions  down¬ 
stream  from  the  TSS,  however,  show  that  DNA  methylation  alter¬ 
nates  between  nonexpressing  and  expressing  cells  in  this  particu¬ 
lar  H3K27me3  target  gene  (Fig.  5C).  The  proximal  part  of  the  CpG 
island  shows  more  DNA  methylation  in  expressing  HMEC  sam¬ 
ples.  Then  follows  the  region  methylated  more  in  nonexpressing 
fibroblasts,  and  finally,  the  area  just  upstream  of  the  MIR200B 
hairpin  coding  region  shows  an  intermediate  level  of  methylation 
in  both  cell  types.  Therefore,  DNA  methylation  does  not  seem  to 
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play  any  conclusive  role  in  normal  tissue-specific  repression  of 
the  MIR200B/200A/429  cluster.  In  contrast  to  the  MIR200B/200A/ 
429  cluster,  we  have  previously  shown  DNA  methylation  and 
H3K9Me2  to  be  important  in  the  repression  of  the  MIR200C/141 
members  of  the  family  (Vrba  et  al.  2010),  and  these  earlier  obser¬ 
vations  are  further  confirmed  by  the  microarray  analysis  in  the 
present  studies  (Fig.  5D).  The  DNA  of  the  whole  MIR200C/141  re¬ 


gion  is  unmethylated  in  expressing  HMEC  and  the  microarray  data 
show  that  DNA  methylation  in  HMF  reaches  a  maximum  in  the 
region  just  downstream  from  the  TSS.  The  lack  of  H3K27me3  en¬ 
richment  in  the  MIR200C/141  region  in  both  mammary  cell  types 
indicates  that  this  important  cell  type-specific  miRNA  cluster  is 
not  a  polycomb  target.  Since  both  clusters  of  the  MIR200  family 
share  a  high  level  of  expression  in  epithelial  cells,  but  no  expres- 
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Figure  5.  The  epigenetic  state  of  cell  type-specific  miRNA  genes  in  HMEC  and  HMF.  Panels  A-F show  data  for  MIR205,  MIR10A,  MIR200B/200A/429, 
MIR200C/1 41 ,  MIR1 99A2/21 4,  and  MIR  1 83/96/1 82  miRNA  genes,  respectively.  (Top  part  of  each  panel)  The  enrichment  of  individual  epigenetic  marks 
through  the  regions  in  a  heatmap  form,  with  yellow  indicating  no  enrichment  and  blue  color  indicating  high  enrichment.  The  data  for  HMEC  and  HMF 
samples  are  averages  from  three  genotypes  of  HMEC  and  HMF,  respectively.  The  chromosomal  positions  are  according  to  the  hg18  human  genome 
assembly.  The  miRNA  hairpin  coding  regions  are  displayed  as  red  rectangles  and  predicted  transcription  start  site  regions  as  brown  triangles.  Small  black 
rectangles  at  the  top  lane  indicate  positions  of  individual  microarray  probes.  The  tics  at  the  bottom  indicate  positions  of  individual  CpG  dinucleotides.  CpG 
islands  according  to  UCSC  are  displayed  as  green  rectangles  when  present.  The  blue  rectangles  at  the  bottom  lane  indicate  positions  of  regions  analyzed  for 
DNA  methylation  by  MassARRAY  technology.  Results  from  MassARRAY  for  individual  regions  indicated  are  shown  at  the  bottom  part  of  each  panel.  The 
level  of  methylation  of  individual  CpG  units  within  the  MassARRAY  amplicon  is  displayed  as  a  heatmap  with  the  lowest  methylation  (0%)  in  yellow  and  the 
highest  methylation  (100%)  in  blue.  The  individual  samples  are  labeled  on  the  left. 
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sion  in  fibroblasts,  the  distinct  repressive  epigenetic  marks  ob¬ 
served  for  the  members  of  the  MIR200  family  suggest  that  distinct 
epigenetic  mechanisms  are  involved  in  their  respective  repression. 

Similar  multifaceted  forms  of  epigenetic  repression  of  miRNA 
families  are  seen  in  the  fibroblast-specific  MIR199  family  whose 
members  consist  of  the  MIR199A2/214  cluster,  MIR199A1  and 
MIR199B.  These  three  miRNA  genes  of  the  MIR199  family  are  located 
at  homologous  positions  on  the  antisense  strands  of  introns  of  the 
three  members  of  the  DNM  gene  family  The  MIR199A2/214  cluster  is 
located  in  DNM3,  MIR199A1  in  DNM2,  and  MIR199B  in  DNM1,  in¬ 
dicating  coevolution  of  the  MIR199  family  together  with  the  DNM 
gene  family  Similar  to  HMEC-specific  miRNA  genes  MIR200C/141 
and  MIR205,  there  is  an  increased  CpG  density  in  the  promoters 
of  the  MIR  199  genes;  however,  it  does  not  meet  the  original  CpG 
island  definition  criteria.  The  miRNA  promoters  are  occupied  by 
H3K4me3  and  H3Ac  in  expressing  fibroblasts,  but  these  marks  are 
absent  in  epithelial  cells.  Instead,  in  nonexpressing  epithelial  cells  the 
MIR199A2/214  cluster  is  DNA  methylated  and  H3K9me2  is  present, 
but  significant  levels  of  H3K27me3  were  not  detected,  indicating  that 
this  region  is  not  a  polycomb  target  (Fig.  5E).  In  contrast,  only  DNA 
methylation-linked  repression  was  detected  in  the  MIR199A1  regula¬ 
tory  region  in  epithelial  cells,  (Supplemental  Fig.  7B),  while  MIR199B 
utilizes  a  dual  epigenetic  repression,  that  of  DNA  methylation  in 
combination  with  H3K27me3  (Supplemental  Fig.  7C).  Overall, 
these  results  suggest  that  expression  of  the  three  members  of 
the  fibroblast-specific  MIR199  family  is  repressed  predominantly 
by  DNA  methylation,  and  to  a  lesser  extent,  by  H3K27me3. 

A  surprising  cell  type-specific  miRNA  gene  with  respect  to 
repressive  epigenetic  marks  is  the  MIR183/96/182  gene.  The  entire 
MIR183/96/182  region  is  heavily  occupied  by  H3K27me3  in  non¬ 
expressing  HMF,  but  H3K27me3  is  absent  in  expressing  HMEC 
(Fig.  5F),  suggesting  that  the  polycomb  repression  is  the  critical 
repressive  epigenetic  mechanism  regulating  the  MIR183/96/182 
cluster  gene.  DNA  methylation  shows  an  unexpected  phenomenon 
in  this  region.  Although  the  TSS  region  is  DNA  methylation-free  for 
both  cell  types,  downstream  from  the  TSS  at  the  proximal  end  of  the 
CpG  island  there  exists  a  differentially  methylated  region  that  is 
DNA  methylation-free  in  all  three  nonexpressing  HMF  samples  and 
heavily  methylated  in  all  three  expressing  HMEC  samples  (Fig.  5F). 
MassARRAY  analysis  confirmed  the  microarray  data  for  all  three  ge¬ 
notypes.  Thus,  the  MIR183/96/182  cluster  is  a  cell  type-specific 
miRNA  gene  repressed  by  polycomb,  where  DNA  methylation 
within  the  promoter  region  inversely  correlates  with  H3K27me3  and 
positively  correlates  with  expression  (Fig.  4).  Since  the  DNA  hyper- 
methylation  in  HMEC  is  located  downstream  from  the  TSS,  in  the 
area  that  is  most  occupied  by  polycomb-specific  mark  H3K27me3  in 
nonexpressing  HMF  (Fig.  5F),  it  may  represent  a  case  of  antagonism 
between  DNA  methylation  and  polycomb  repression,  as  was  re¬ 
cently  described  in  a  mouse  model  (Wu  et  al.  2010). 

Taken  together,  our  data  show  strong  tissue-specific  expres¬ 
sion  of  a  substantial  fraction  of  miRNAs  between  mammary  epi¬ 
thelial  cells  and  mammary  fibroblasts,  exceeding  three  orders  of 
magnitude  for  some  miRNAs.  Most  of  the  promoters  of  these  tissue- 
specific  miRNA  genes  are  occupied  by  H3K27me3  or  DNA  meth¬ 
ylation,  or  both  of  these  marks  in  nonexpressing  cells,  indicating 
that  the  epigenetic  state  of  miRNA  promoters  plays  an  important 
role  in  the  cell  type-specific  control  of  miRNA  expression. 

Discussion 

In  this  study,  we  sought  to  identify  cell  type-specific  miRNAs 
regulated  by  epigenetic  mechanisms.  To  this  end,  we  analyzed  the 


expression  levels  and  the  epigenetic  state  of  miRNA  genes  in  three 
isogenic  pairs  of  normal,  finite  lifespan  HMEC  and  HMF — two 
predominant  differentiated  cell  types  of  ectodermal  and  mesoder¬ 
mal  origin,  respectively,  found  in  mammary  tissue.  miRNA  expres¬ 
sion  and  epigenetic  state  showed  strong  interindividual  concor¬ 
dance  within  a  given  cell  type,  but  significant  expression  and 
epigenetic  differences  were  found  between  the  different  cell  types. 
We  found  13%  of  expressed  miRNAs  to  be  expressed  in  a  cell  type- 
specific  fashion  (>  10-fold  difference  between  the  two  cell  types), 
including  several  known  to  be  important  for  maintaining  cell- 
specific  phenotypes.  The  differential  expression  of  a  majority  of 
these  cell  type-specific  miRNAs  was  linked  to  cell  type-specific 
differences  in  the  epigenetic  state  of  their  promoters,  indicating 
that  epigenetic  mechanisms  play  an  important  role  in  the  regula¬ 
tion  of  cell  type-specific  miRNA  genes. 

To  identify  miRNA  promoters  utilized  by  HMEC  and  HMF 
(Supplemental  Data  2),  we  used  H3K4me3  ChIP-chip  data  that  we 
obtained  from  these  cells,  since  this  mark  is  exclusively  present  at 
promoters  (Heintzman  et  al.  2007).  We  used  the  complementary 
miRNA  expression  data  obtained  from  these  same  cells  to  limit 
promoter  identification  to  only  those  miRNA  expressed  in  at  least 
one  of  the  mammary  cell  types,  allowing  for  precise  identification  of 
miRNA  promoters  relevant  to  human  mammary  cells.  Our  results 
revealed  that  the  promoters  of  cell  type-specific  miRNAs  mostly 
lacked  H3K4me3  enrichment  in  the  inactive  promoters  of  the  non¬ 
expressing  cell  type  (Fig.  5A,C-E),  suggesting  that  these  represent  the 
epigenetically  labile  miRNAs  of  normal,  nondiseased  cells.  Similar 
results  were  reported  previously  for  tissue-specific  protein-coding 
genes  (Guenther  et  al.  2007).  Finally,  the  H3K4me3  ChIP-chip  results 
further  suggest  that  H3K4me3-directed  prediction  of  promoters  for 
miRNA  genes,  and  likely  all  genes  in  general,  will  be  the  most  accu¬ 
rate  if  derived  from  cells  known  to  express  the  genes  of  interest. 

Of  the  24  cell  type-specific  miRNA  genes,  three-quarters  (75%) 
were  found  to  be  repressed  by  H3K27me3  or  DNA  methylation  in 
the  nonexpressing  cell  type,  with  58%  of  the  cell  type-specific 
promoters  differentially  occupied  by  H3K27me3,  38%  differentially 
occupied  by  DNA  methylation,  and  21%  differentially  occupied  by 
both  H3K27me3  and  DNA  methylation.  In  miRNAs  repressed  by 
H3K27me3,  we  find  this  mark  extends  beyond  the  promoter  and 
encompasses  larger  regions  that  include  the  miRNA  gene  body, 
consistent  with  recent  findings  demonstrating  a  spreading  of  the 
H3K27me3  mark  from  the  promoter  during  differentiation  of  hu¬ 
man  embryonic  stem  cells  (Hawkins  et  al.  2010).  Interestingly, 
when  we  extend  our  analysis  beyond  only  miRNA  promoters  dif¬ 
ferentially  active  in  mammary  cells  by  integrating  our  H3K27me3 
ChIP-chip  data  with  all  of  the  predicted  miRNA  promoter  data  and 
known  miRNA  hairpin  coding  regions,  we  found  that  —27%  of  all 
miRNA  promoters,  as  well  as  miRNA  hairpin  coding  regions,  are 
enriched  for  H3K27me3  (Supplemental  Fig.  8).  In  contrast,  it  has 
been  estimated  that  only  9%  of  promoters  of  protein-coding  genes 
are  occupied  by  H3K27me3  (Bracken  et  al.  2006).  Thus,  H3K27me3, 
a  polycomb  mark  responsible  for  regulating  genes  involved  in  cell 
identity  and  differentiation,  shows  an  approximately  threefold  bias 
toward  miRNA  compared  with  protein-coding  genes,  providing 
further  support  for  an  important  role  for  miRNAs  as  regulators  of  cell 
fate  and  phenotype  and  H3K27me3  as  an  important  regulator  of  cell 
type-specific  miRNA  expression. 

Cell  type-specific  DNA  methylation  of  miRNA  promoters  was 
correlated  with  the  presence  of  the  H3K9me2  mark  and  the  re¬ 
pression  of  the  associated  miRNAs,  further  supporting  the  func¬ 
tional  linkage  between  these  two  repressive  epigenetic  marks 
(Epsztejn-Fitman  et  al.  2008).  The  DNA  methylation  mark  was 
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found  to  be  centered  on  the  promoter  regions  of  the  miRNA  and 
did  not  extend  far  upstream  or  downstream,  in  contrast  to  what 
was  observed  with  the  H3K27me3  repressive  mark.  In  addition, 
a  common  feature  of  DNA  methylation-repressed  miRNA  genes 
was  the  absence  of  a  CpG  island  in  the  promoter  region;  in  the  case 
of  cell  type-specific  miRNA  genes  with  CpG  island  promoters,  the 
H3K27me3  mark  is  most  often  responsible  for  transcriptional  re¬ 
pression  (Fig.  5A-F). 

The  weakest  correlation  between  epigenetic  marks  was  between 
DNA  methylation/H3K9me2  and  H3K27me3.  The  limited  overlap 
between  DNA  methylation/H3K9me2  and  H3K27me3  in  miRNA 
promoters  likely  reflects  the  largely  independent  nature  of  these  two 
epigenetic  repressive  pathways  in  normal  cells.  Despite  this  limited 
overlap  there  are  miRNAs  where  both  marks  appear  to  be  involved  in 
their  cell  type-specific  repression.  The  coincidence  of  DNA  meth- 
ylation  and  H3K27me3  on  the  same  miRNA  promoters  may  repre¬ 
sent  mutual  fail-safe  mechanisms,  so  that  disruption  of  one  epige¬ 
netic  mechanism  is  not  sufficient  to  initiate  aberrant  activation  of 
the  miRNA.  If  this  is  the  case,  then,  miRNA  targets  of  this  dual  epi¬ 
genetic  repression  may  be  critical  to  maintain  cell  integrity/identity, 
and  their  compromise  could  be  involved  in  the  genesis  of  human 
disease  states,  including  cancer.  Two  examples  of  miRNAs  that  sup¬ 
port  the  possible  importance  of  dual  epigenetic  repression  are  miR- 
205,  miR-lOa,  and  miR-lOb,  since  their  dysregulation  has  already 
been  linked  to  a  variety  of  different  cancers  (Gregory  et  al.  2008b;  Ma 
and  Weinberg  2008;  Greene  et  al.  2010;  Lund  2010).  For  example, 
the  loss  of  epithelial-specific  miR-205  in  cancers  of  epithelial  origin 
has  been  linked  to  the  acquisition  of  aggressive  tumor  phenotypes 
(Baffa  et  al.  2009;  Iorio  et  al.  2009;  Tellez  et  al.  2011),  while  gain  of 
expression  of  fibroblast-specific  miR-10  family  members  by  cancers 
of  epithelial  origin  have  similarly  been  linked  to  aggressive  tumor 
phenotypes  (Ma  et  al.  2007;  Baffa  et  al.  2009;  Tian  et  al.  2010). 

miR-205  participates  in  the  maintenance  of  the  epithelial 
phenotype,  is  expressed  in  epithelial  cells  but  not  in  fibroblasts, 
and  is  related  to  the  miR-200  family  (Gregory  et  al.  2008a;  Park 
et  al.  2008).  Expression  of  miR-205  and  the  miR-200  family 
members  appears  incompatible  with  a  mesenchymal  phenotype, 
and  since  miR-205  is  expressed  at  much  higher  levels  than  the  miR- 
200  family  members  in  HMEC,  it  is  possible  that  dual  epigenetic 
repression  by  DNA  methylation  and  H3K27me3  in  fibroblasts  is 
necessary  to  prevent  any  inappropriate  miR-205  expression.  miR- 
205  along  with  the  miR-200  family  target  the  mesenchymal-spe¬ 
cific  transcriptional  repressors  ZEB1  and  ZEB2  (Gregory  et  al. 
2008a).  Possibly,  the  total  level  of  the  miR-200  family  and  miR-205 
secures  an  epithelial  phenotype,  and  complete  epigenetic  silenc¬ 
ing  of  MIR20S  is  necessary  to  allow  ZEB1  and  ZEB2  to  be  expressed 
at  levels  sufficient  to  direct  the  mesenchymal  phenotype. 

Similar  to  MIR205,  we  have  found  that  the  closely  related 
MIR200  family  members  are  also  epigenetically  regulated  in  a  cell 
type-specific  fashion.  We  and  others  have  previously  shown  that 
the  MIR200  family  members  MIR200C/141  have  a  permissive  epi¬ 
genetic  state  in  expressing  epithelial  cells,  while  nonexpressing 
fibroblasts  display  a  repressed  epigenetic  state  driven  by  DNA 
methylation  and  H3K9me2,  but  not  H3K27me3  (Vrba  et  al.  2010). 
In  contrast,  the  fibroblast-specific  repression  of  the  other  MIR200 
family  members  MIR200B/200A/429  is  linked  to  the  H3K27me3 
mark,  and  DNA  methylation  and  H3K9me2  do  not  appear  to  play 
a  decisive  role  in  its  repression  (Fig.  5C).  Therefore,  the  two  genes 
of  the  MIR200  family  that  likely  arose  from  a  single  common  an¬ 
cestor  have  acquired  different  mechanisms  of  epigenetic  regula¬ 
tion  during  evolution.  Overall,  these  results  suggest  that  complete 
epigenetic  transcriptional  repression  of  individual  miRNAs  may 


require  complementary  epigenetic  mechanisms  to  prevent  spuri¬ 
ous  transcriptional  activity.  Similarly,  our  results  also  suggest  that 
complementary  epigenetic  repressive  mechanisms  may  act  inde¬ 
pendently  to  repress  distinct  members  of  the  same  miRNA  family, 
as  is  the  case  with  the  MIR200  family. 

miR-lOa  and  miR-lOb  are  expressed  in  a  fibroblast-specific 
fashion  and  appear  to  be  under  dual  epigenetic  repression  in 
the  epithelial  cells.  Both  MIR10A  and  MIR10B  show  significant 
H3K27me3  and  DNA  methylation  in  their  promoter  regions  and 
both  are  found  in  HOX  gene  clusters,  gene  families  well  known  for 
rich  and  complex  epigenetic  regulation  in  normal  and  cancer  cells 
(Rauch  et  al.  2007).  Interestingly,  miR-lOb  has  been  reported  to  be 
aberrantly  expressed  in  breast  cancer  cells  and  this  expression  is 
linked  to  an  aggressive  cancer  phenotype  (Ma  et  al.  2007;  Baffa  et  al. 
2009),  although  this  conclusion  has  been  questioned  based  on  the 
analysis  of  primary  breast  cancer  specimens  that  showed  no  corre¬ 
lation  between  miR-lOb  expression  levels  and  clinical  progression 
(Gee  et  al.  2008).  Several  molecular,  cellular,  and  organismal  facets 
may  contribute  to  these  two  different  conclusions.  The  data  pre¬ 
sented  in  this  study  strongly  suggest  that  epigenetic  control  of  cell 
type-specific  expression  is  one  important  facet.  The  experimental 
biological  studies  used  pure  cancer  cell  line  populations  to  first  de¬ 
tect  and  then  verify  miR- lOb's  phenotypic  effects.  In  contrast,  it 
appears  that  the  analysis  of  breast  cancer  clinical  specimens  was 
performed  on  heterogeneous  tissue  samples.  Detecting  aberrant 
expression  of  miR-lOb  in  breast  tumor  cells  from  a  complex  tissue 
specimen  is  likely  to  be  difficult,  since  mammary  fibroblasts  can 
constitute  a  significant  portion  of  stromal  cell  content  typically 
found  in  such  specimens,  and  they  express  more  than  three  orders 
of  magnitude  higher  levels  of  miR-lOb  compared  with  mammary 
epithelial  cells.  This  very  high  expression  of  miR-lOb  in  the  stromal 
cells  of  the  tissue  specimens  could  obscure  any  significant  changes 
within  the  breast  cancer  cells  themselves. 

Indeed,  this  cautionary  note  extends  to  all  the  cell  type-spe¬ 
cific  miRNAs  identified  in  this  study.  The  large  magnitude  differ¬ 
ences  seen  in  the  expression  levels  and  epigenetic  states  of  these 
miRNAs  between  HMEC  and  HMF  limit  the  ability  to  easily  de¬ 
termine  over-  or  underexpression  or  epigenetic  status  from  the 
analysis  of  heterogenous  tissue  samples.  Precise  analysis  of  these 
miRNAs  will  require  approaches  that  assess  the  expression  or  epi¬ 
genetic  state  of  these  miRNAs  in  specific  cell  types  within  a  tissue 
specimen.  This  is  especially  important  since  many  of  the  epigenet¬ 
ically  regulated  cell  type-specific  miRNAs  identified  in  this  study 
have  already  been  associated  with  or  functionally  linked  to  human 
carcinogenesis.  The  tissue-specific  miRNAs  that  have  been  found 
deregulated  in  cancer  are  summarized  in  Supplemental  Table  2. 

In  summary,  our  study  has  revealed  a  significant  level  of  cell 
type-specific  miRNA  expression  associated  with  human  mammary 
epithelial  and  fibroblast  cells.  We  also  showed  that  epigenetic 
modifications  play  an  important  role  in  this  cell  type-specific 
miRNA  regulation.  The  two  epigenetic  pathways  responsible  for 
deployment  of  repressive  epigenetic  marks — DNA  methylation 
and  H3K27me3 — act  largely  independently.  H3K27me3,  a  hall¬ 
mark  of  polycomb  repression,  appears  to  play  the  major  role  in  the 
normal  cell  type-specific  repression  of  miRNA  genes.  Examples  of 
polycomb  targets  are  the  MIR200B/200A/429  and  MIR183/96/182 
genes.  Some  highly  cell  type-specific  miRNA  genes  like  MIR200C/ 
141  and  M1R199A2/214,  however,  are  not  polycomb  targets  and 
their  differential  expression  is  determined  predominantly  by  cell 
type-specific  DNA  methylation  at  the  promoter  region,  often  in 
collaboration  with  the  H3K9me2  histone  mark  in  nonexpressing 
cells.  A  common  feature  of  these  miRNA  genes  repressed  by  DNA 
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methylation  is  the  lack  of  CpG  islands.  Different  genes  forming 
miRNA  families  are  repressed  by  different  epigenetic  marks,  in¬ 
dicating  that  they  are  targeted  by  different  epigenetic  mechanisms. 
Some  miRNA  genes,  including  MIR205,  MIR10A,  and  MIR10B,  are 
under  dual  epigenetic  repression  by  both  DNA  methylation  and 
H3K27me3.  The  miRNAs  found  to  be  cell  type-specific  and  re¬ 
pressed  by  epigenetic  marks  in  nonexpressing  cells  are  often 
deregulated  in  cancer,  indicating  that  the  disruption  of  normal 
epigenetic  regulation  of  cell  type-specific  miRNA  expression  can 
be  involved  in  carcinogenesis.  Knowing  which  epigenetic  marks 
are  involved  in  repression  of  individual  miRNA  genes  in  normal 
cells  and  the  locations  of  relevant  regulatory  regions  thus  con¬ 
tributes  to  our  better  understanding  of  these  processes. 

Methods 

Cell  lines  and  cell  culture 

Finite  lifespan  prestasis  HMEC  from  specimens  184  (batch  D),  48 
(batch  RT),  and  240L  (batch  B),  were  derived  from  reduction 
mammoplasty  tissue  of  women  aged  21,  16,  and  19,  respectively 
(Garbe  et  al.  2009).  Cells  were  initiated  as  organoids  in  primary 
culture  in  serum-containing  M85  medium  supplemented  with 
oxytocin  (Bachem)  at  0.1  nM  and  maintained  in  M87A  medium 
supplemented  with  oxytocin  and  cholera  toxin  at  0.5  ng/mL 
(Garbe  et  al.  2009).  Fibroblasts  from  specimens  184,  48,  and  240L 
were  obtained  by  growing  primary  reduction  mammoplasty  cells 
in  DMEM/F12  with  10%  FBS  and  10  |xg/mL  insulin,  and  further 
propagated  in  DMEM/F12  with  10%  FBS,  as  previously  described 
(Garbe  et  al.  2009).  The  cells  used  in  this  study  were  within  cell 
culture  passages  4-9  from  primary  tissue.  Our  previous  study 
shows  that  these  cells  do  not  acquire  epigenetic  changes  as  late  as 
passage  14.  It  is  only  following  the  emergence  from  the  stasis 
proliferation  barrier  (Garbe  et  al.  2009)  that  HMEC  first  show  the 
acquisition  of  significant  epigenetic  changes  (Novak  et  al.  2009). 

Small  RNA  library  preparation  and  sequencing 

Total  RNA  from  epithelial  cells  or  fibroblasts  was  extracted  using 
the  TRIzol  method  (Invitrogen).  The  small  RNA  fraction  (18-35  nt) 
was  purified  on  a  15%  denaturing  polyacrylamide  gel.  A  pre- 
adenylated  adaptor  (rAppCTGTAGGCACCATCAAT3ddC)  was  li¬ 
gated  to  the  3'  end  of  a  small  RNA  using  truncated  T4  RNA  ligase  2 
(New  England  Biolabs),  followed  by  purification  of  the  ligation 
product  on  a  15%  denaturing  polyacrylamide  gel.  An  Illumina- 
specific  5'  adaptor  (GTTCAGAGTTCTACAGTCCGAcgauc;  upper¬ 
case:  DNA,  lowercase:  RNA)  was  ligated  using  T4  RNA  ligase  1  (New 
England  Biolabs)  and  the  product  was  purified  on  a  10%  de¬ 
naturing  polyacrylamide  gel.  Small  RNAs  with  ligated  adaptors 
were  reverse  transcribed  into  DNA  using  Superscript  III  reverse 
transcriptase  (Invitrogen)  and  a  primer  with  a  Illumina-specific 
extension  on  its  5'  end  (GACATCCGTGGTAGTTAGCATACGGC 
AGAAGACGAAC).  The  cDNA  was  then  amplified  by  15  cycles  of 
PCR  using  Phusion  DNA  polymerase  (Finnzymes)  and  Illumina- 
specific  primers  (AATGATACGGCGACCACCGACAGGTTCAGAG 
TT CTAC AGTCCG A  and  GACATCCGTGGTAGTTAGCATACGGCA 
G  A  AG  AC  G  A  AC) .  The  resulting  ~  110-bp  PCR  products  were  sep¬ 
arated  and  purified  from  a  3%  agarose  gel,  and  submitted  for 
Illumina  sequencing  to  NCGR.  The  data  were  deposited  in  SRA 
archive,  accession  number  SRP001530. 

Data  analysis 

Results  from  the  Illumina  Genome  Analyzer  were  received  in 
the  fastq  format.  The  reads  were  mapped  to  the  hgl8  human  ge¬ 


nome  assembly  using  the  program  Novoalign  (www.novocraft. 
com).  Output  from  Novoalign  was  further  analyzed  in  R  (R_ 
Development_Core_Team  2011).  First,  data  were  converted  to  bed 
format  and  peaks  of  reads  were  found  for  pooled  data  from  all 
samples.  The  peak  regions  were  used  for  counts  and  annotation  of 
reads  in  individual  samples.  Counts  were  normalized  for  the  total 
number  of  reads  in  individual  libraries  (see  Filtered  reads  in  Sup¬ 
plementary  Table  1).  The  miRNAs  with  at  least  10  reads  across  the 
libraries  represented  in  at  least  two  libraries  were  considered 
expressed  and  further  analyzed.  Package  edgeR  was  used  for  the 
differential  expression  calculation. 

miRNA  gene  tiling  microarray  design 

Human  miRNA-coding  sequence  positions  were  downloaded 
from  miRBase  (ver  13)  (http://microrna.sanger.ac.uk/sequences/). 
This  data  set  contains  information  about  the  positions  of  718 
miRNA-coding  regions  in  the  human  genome.  A  total  of  454  out 
of  718  miRNA-coding  regions  have  their  promoter  predicted 
(Marson  et  al.  2008).  Another  149  of  the  miRNA-coding  regions 
are  part  of  known  protein-coding  genes.  For  these  miRNAs  the  TSS 
of  the  host  gene  was  assumed  as  TSS  for  miRNA  and  the  position  of 
this  region  was  obtained  as  the  5'  end  of  the  known  gene  from  the 
UCSC  Genome  Browser.  The  entire  region  from  10  kb  upstream  of 
the  predicted  promoter  (TSS)  region  down  to  5  kb  downstream 
from  the  miRNA  hairpin  coding  region  was  tiled  for  all  of  these  603 
miRNA-coding  regions.  For  the  remaining  115  miRNA-coding  re¬ 
gions,  where  there  was  no  prediction  of  TSS  nor  do  they  lie  within 
protein-coding  genes,  the  whole  region  from  70  kb  upstream  of  the 
hairpin  coding  region  down  to  5  kb  downstream  was  tiled.  Addi¬ 
tionally,  about  100  protein-coding  genes,  including  controls  like 
GAPDH  and  ACTB,  were  added.  The  probes  used  to  tile  the  speci¬ 
fied  regions  were  from  the  Agilent  whole  genome  tiling  microarray 
set  and  the  Agilent  promoter  2  microarray  set.  The  resulting  number 
of  probes  totals  over  99,000,  with  approximately  five  probes  per 
kilobase  pair.  The  microarrays  were  manufactured  by  Agilent 
(Agilent  Technologies)  using  their  2  X  105  k  platform.  Agilent 
design  ID  is  024305. 

Methyl  cytosine  DNA  and  chromatin  immunoprecipitation 

Methyl  cytosine  DNA  immunoprecipitation  (MeDIP)  was  per¬ 
formed  using  5-methylcytosine-specific  monoclonal  antibody  as 
described  (Weber  et  al.  2005). 

Chromatin  immoprecipitation  (ChIP)  was  performed  as  de¬ 
scribed  previously  (Oshiro  et  al.  2003;  Vrba  et  al.  2008)  using  an¬ 
tibodies  specific  for  histone  H3  trimethylated  at  lysine  4  (#05-745, 
Upstate),  histone  H3  trimethylated  at  lysine  27  (#07-449,  Millipore), 
acetylated  histone  H3  (#06-599,  Millipore),  and  histone  H3  dimeth- 
ylated  at  lysine  9  (CS200587,  Millipore). 

Sample  labeling  and  microarray  hybridization 

MeDIP  DNA  or  ChIP  DNA  samples  were  amplified  using  the  ran¬ 
dom  primed  approach  and  2  ug  of  amplified  DNA  was  labeled  as 
described  (Vrba  et  al.  2008).  Cy5  was  used  for  input  samples,  Cy3 
for  immunoprecipitated  samples.  After  labeling  and  purification, 
Cy3  and  Cy5  labeled  samples  were  pooled  and  vacuum  concen¬ 
trated  to  a  volume  of  91.5  jjlF.  A  total  of  12.5  jjlF  of  human  Cot-1 
DNA  (1  jjLg/|jLF,  Invitrogen  Cat.  No.  15279-011),  26  jxF  of  Agilent 
blocking  agent  (10x),  and  130  jjlF  of  Agilent  hybridization  buffer 
(2x)  were  added.  Samples  were  heated  for  3  min  at  95°C,  trans¬ 
ferred  to  37°C,  incubated  for  30  min,  and  then  used  for  microarray 
hybridization  for  28h  at  65 °C.  After  hybridization,  slides  were 
washed  in  Agilent  Oligo  aCGH/ChIP-on-Chip  Wash  Buffer  1  for 
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5  min  at  room  temperature,  then  in  Agilent  Oligo  aCGH/ChlP-on- 
Chip  Wash  Buffer  2  for  5  min  at  37°C,  washed  in  acetronitrile  for 
10  sec  at  room  temperature,  and  finally  in  stabilization  and  drying 
solution  for  30  sec  at  room  temperature.  The  scanning  was  per¬ 
formed  using  an  Axon  GenePix  4000B  microarray  scanner  (Axon 
Instruments)  and  GenePix  6.0  software  at  5  |xm  resolution  and 
PMT  settings  750  (635  nm)  and  600  (532  nm). 

Microarray  data  analysis 

Output  from  GenePix  (*.gpr  files)  were  imported  to  R  using  the 
limma  package.  Individual  channels  were  first  spatially  normalized 
within  arrays  using  ma2D  function  from  the  package  marray  and 
then  loess  normalized  between  arrays  using  the  function  normalize, 
loess  from  package  affy.  The  RG  object  was  transformed  to  an  MA 
object  and  M  values  were  again  loess  normalized  between  arrays.  M 
values  (log2  ratios  of  input  to  immunoprecipitated  channel)  were 
used  for  further  analysis  as  a  measure  of  enrichment  of  a  region 
centered  on  individual  probes.  Differences  in  histone  modification 
were  determined  in  a  2-kb  region  centered  on  a  TSS  region  or  miRNA 
hairpin  region.  The  paired  t- test  was  used  to  analyze  data  from  all 
probes  in  each  2-kb  region.  Differentially  enriched  regions  were 
defined  as  regions  where  the  average  difference  of  ratio  was  at  least 
1.5-fold  and  the  P-value  was  <0.05. 

Transcription  start  regions  prediction 

We  predicted  miRNA  TSS  regions  based  on  the  fact  that  H3K4me3 
is  present  in  TSS  regions,  reaching  maximum  enrichment  at  —0.5 
kb  downstream  from  TSS  (Guenther  et  al.  2007).  To  reduce  the 
amount  of  false  predictions,  we  used  the  most  proximal  major  peak 
of  H3K4me3  enrichment,  upstream  of  the  miRNA  hairpin  region, 
which  was  at  least  twofold  enriched  over  input.  Further,  we  limited 
the  predictions  only  for  miRNAs  that  are  expressed  (at  least  100 
reads  in  libraries).  For  differentially  expressed  miRNAs,  the  pooled 
H3K4me3  data  from  expressing  samples  (either  HMEC  or  HMF) 
were  used,  for  other  miRNAs,  the  pooled  H3K4me3  data  from  all 
six  samples  were  used.  Once  the  peak  of  H3K4me3  enrichment  was 
identified,  the  area  between  the  peak  and  nearby  Switch  gear  TSS  or 
EST  5'  end  was  considered  a  TSS  region.  Switch  gear  TSS  and  EST 
positions  were  downloaded  from  the  UCSC  browser.  For  miRNAs 
where  there  was  no  Switch  gear  TSS  or  EST  end  in  the  vicinity  (2.5 
kb  upstream,  0.5  kb  downstream)  of  the  H3K4me3  peak,  the  region 
from  H3K4me3  peak  1  kb  upstream  was  considered  TSS  region. 

DNA  methylation  analysis  by  MassARRAY 

DNA  methylation  analysis  by  MassARRAY  was  performed  as  de¬ 
scribed  (Novak  et  al.  2009).  Primer  sequences  are  listed  in  Sup¬ 
plemental  Table  3. 

All  oligonucleotides  used  in  this  study  were  ordered  from 
Integrated  DNA  Technologies. 

Data  access 

The  sequence  data  from  this  study  have  been  submitted  to  the  NCBI 
Sequence  Read  Archive  (SRA)  (http://www.ncbi.nlm.nih.gov/sra) 
under  accession  no.  SRP001530.  The  microarray  data  have  been 
submitted  to  the  NCBI  Gene  Expression  Omnibus  (GEO)  (http:// 
www.ncbi.nlm.nih.gov/geo/)  under  accession  no.  GSE28380. 
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VULNERABILITY  OF  NORMAL  HUMAN  MAMMARY  EPITHELIAL  CELLS  TO  ONCOGENIC 
TRANSFORMATION 

James  C.  Garbe.l  Mark  W.  Jackson, 2  and  Martha  Stampferl 

1  Lawrence  Berkeley  National  Laboratory  and  2Case  Western  Reserve  University 

Recent  studies  have  shown  that  cells  derived  from  breast  tumors  display  great  diversity  in  patterns  of 
gene  and  protein  expression  and  genomic  alterations.  Based  on  gene  expression  profiling,  multiple 
distinct  cancer  subtypes  have  been  categorized;  importantly,  these  subtypes  show  striking 
differences  in  clinical  parameters.  Understanding  the  pathways  of  molecular  alterations  that  lead  to 
the  different  types  of  breast  cancer  in  vivo  could  facilitate  design  of  clinical  interventions  in  the 
carcinogenic  progression.  One  approach  to  examining  human  breast  carcinogenesis  is  to  model  this 
process  in  vitro,  starting  with  normal  HMEC  and  using  oncogenic  agents  to  transform  the  normal  cells 
to  cancer.  However,  thus  far,  almost  all  in  vitro  transformed  HMEC  lines  represent  a  limited  subset  of 
the  phenotypes  observed  in  breast  cancer  cells  in  vivo.  We  hypothesized  that  the  limited  phenotypes 
of  in  vitro  transformed  HMEC  could  result  from  culture  conditions  that  restrict  proliferation  of  most 
normal  HMEC.  Normal  cultured  HMEC  proliferate  for  a  variable  number  of  population  doublings  (PD) 
before  encountering  a  first  senescence  barrier,  stasis,  which  is  stress-associated,  mediated  by  the 
retinoblastoma  (Rb)  pathway,  correlated  with  increased  levels  of  p16INK4a,  and  telomere  length 
independent.  HMEC  may  overcome  stasis  by  inactivation  of  the  Rb  pathway  and  continue  growth 
until  encountering  a  second  extremely  stringent  barrier  due  to  telomere  attrition.  HMEC  grown  in  a 
serum-free  medium  reach  stasis  quickly  and  can  show  spontaneous  silencing  of  pi 6,  giving  rise  to 
the  p16(-)  post-stasis  HMEC  (called  post-selection)  that  are  commercially  available.  In  vitro 
transformed  lines  derived  from  post-selection  HMEC  have  shown  a  basal  phenotype.  We  now 
propose  to  generate  HMEC  lines  more  reflective  of  the  in  vivo  spectrum  of  breast  cancer  phenotypes 
by  using  improved  methods  for  growing  normal  pre-stasis  HMEC.  We  have  defined  low  stress  culture 
conditions  that  allow  pre-stasis  HMEC  to  grow  for  ~60  PD  prior  to  pi  6  induction  and  growth  arrest  at 
stasis.  Pre-stasis  HMEC  with  phenotypes  of  luminal,  basal,  and  progenitor  lineages  can  be  identified, 
supporting  our  belief  that  these  cells  in  these  cultures  more  accurately  represent  in  vivo  populations. 
We  hypothesize  that  these  heterogeneous  unstressed  pre-stasis  populations  will  be  more  vulnerable 
to  transformation  when  targeted  by  oncogenic  agents  and  may  yield  cell  lines  with  a  greater  range  of 
transformed  phenotypes.  Our  objectives  include  addressing  the  basic  research  questions — are 
unstressed  pre-stasis  HMEC  more  vulnerable  to  transformation  and  is  a  particular  normal  cell  type 
more  vulnerable  or  more  likely  to  give  a  specific  transformed  phenotype,  and  producing  a  practical 
outcome  -  generation  of  useful  transformed  lines.  Our  approach  will  be:  (1)  Determine  whether 
transduction  of  unstressed  pre-stasis  HMEC  with  oncogenes  such  as  c-myc  and  Wnt-1,  with  or 
without  p53  inactivation,  will  yield  transformed  lines  with  phenotypes  representative  of  most  human 
breast  cancer  cells  and  if  there  are  correlations  of  transformed  cell  phenotypes  with  the  target  cell 
population  and/or  agents  used  for  in  vitro  transformation.  (2)  Experimentally  examine  whether 
cultured  HMEC  that  have  not  encountered  stress  are  more  vulnerable  to  transformation  than  those 
exposed  to  stress.  The  generation  of  diverse  transformed  HMEC  lines  with  defined  genetic  alterations 
may  aid  the  identification  of  potential  therapeutic  treatments. 
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A  human  mammary  epithelial  cell  system  to  study  the  reactivation  of  telomerase  activity  during 
carcinogenic  progression 

James  C.  Garbe,  Andrew  F.  Wyrobek,  Bernard  W.  Futscher,  Martha  R.  Stampfer 

We  have  developed  an  extensive  human  mammary  epithelial  cell  (HMEC)  culture  system  to  understand  the 
processes  governing  normal  HMEC  growth  and  senescence,  and  how  these  processes  are  altered  during 
transformation  to  immortality  and  malignancy.  Our  long-term  studies  have  led  us  to  propose  a  new  model  for 
the  tumor-suppressive  senescence  barriers  normal  HMEC  need  to  overcome  to  become  transformed,  and  to 
show  that  the  step  in  tumor  progression  involving  telomerase  reactivation/immortalization  is  associated  with  the 
greatest  amount  of  molecular  alterations.  We  now  hypothesize  that  changes  in  chromatin  structure  may  be 
inherent  in  the  transition  to  immortality  and  crucial  for  malignant  progression. 

Normal  HMEC  from  reduction  mammoplasty  tissues  were  exposed  to  pathologically  relevant  agents 
(chemical  carcinogen,  oncogenes  overexpressed  in  breast  cancer,  p53  loss,  stress)  to  obtain  a  large  diversity  of 
transformed  HMEC  lines  that  exhibited  stepwise  malignant  progression.  Depending  on  the  methods  used,  rare 
clonal  to  uniform  immortalization  was  observed.  Our  model  system  allows  comparison  of  the  finite  precursor 
cultures  with  the  immortalized  lines,  including  the  molecular  alterations  associated  with  reactivation  of 
telomerase  activity. 

Normal  HMEC  first  need  to  bypass  or  overcome  a  stress-associated  senescence  barrier  (stasis)  mediated  by 
the  RB  protein.  Loss  of  pl6INK4  expression  due  to  epigenetic  silencing  or  mutation  is  the  most  common 
alteration  seen  in  the  cultured  HMEC.  However,  the  different  methods  used  to  induce  pl6  loss  resulted  in  finite 
post- stasis  cultures  that  differed  in  gene  expression,  epigenetic  modifications,  TRAP  activity,  and  responses  to 
c-myc.  Post-stasis  HMEC  needed  to  reactivate  sufficient  telomerase  activity  to  become  immortal.  The 
comparison  of  immortal  lines  to  their  finite  precursors  showed  greater  amount  of  alterations  in  gene  expression 
and  promoter  methylation  than  the  transition  between  pre-stasis  and  post-stasis  finite  HMEC,  or  between  non- 
malignant  and  malignant  immortal  lines.  For  example,  all  the  immortalized  lines  acquired  hundreds  of  promoter 
methylation  changes,  regardless  of  the  immortalization  agents  used.  In  contrast,  5-191promoter  methylation 
changes  were  seen  during  the  transition  from  pre-  to  post-stasis,  depending  upon  the  methods  used.  Fewer 
changes  also  occurred  when  the  non-malignant  lines  acquired  malignancy-associated  properties. 

Previous  studies  indicated  that  HMEC  immortalization  is  a  complex  process  influenced  by  expression  levels 
of  key  regulators  such  as  p53,  p57,  and  c-myc.  In  addition  to  attaining  the  potential  to  express  telomerase, 
newly  immortal  p53(+)  HMEC  lines  undergo  an  extended  process,  termed  conversion,  to  relieve  a  p53- 
mediated  suppression  of  telomerase  activity;  p53(-)  HMEC  lines  appear  to  undergo  a  quick  conversion.  HMEC 
that  have  undergone  conversion  are  no  longer  vulnerable  to  oncogene-induced  senescence  (OIS),  and 
overexpression  of  a  single  oncogene  can  render  them  malignant.  HMEC  immortalized  by  ectopic 
overexpression  of  hTERT  (that  do  not  undergo  conversion)  remain  vulnerable  to  OIS.  We  now  hypothesize  that 
the  transition  from  a  finite  to  an  immortal  state  entails  significant  changes  in  telomere  and  chromosome 
structure,  and  that  the  thus  far  poorly  understood  conversion  process  may  be  when  these  alterations  occur.  We 
are  currently  examining  our  variety  of  immortal  lines  to  determine  if  specific  alterations  can  be  associated  with 
specific  stages  in  immortalization,  e.g.,  attaining  initial  immortal  potential  or  conversion.  Our  goal  is  to 
determine  if  any  observed  changes  are  essential  for  attaining  or  maintaining  immortalization  and  could  be 
therapeutic  targets  in  vivo  to  prevent  or  reverse  immortalization. 
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VULNERABILITY  OF  HUMAN  MAMMARY  EPITHELIAL  CELLS  TO  ONCOGENIC 
TRANSFORMATION 

James  C.  Garbe1,  Lukas  Vrba2,  Mark  W.  Jackson3,  Bernard  Futscher2,  Mark  LaBarge1,  and  Martha 
Stampfer1 

Lawrence  Berkeley  National  Laboratory1,  University  of  Arizona,  Tucson2,  and  Case  Western  Reserve 
University3 

Breast  cancers  display  great  phenotypic  and  molecular  diversity.  Based  on  these  differences, 
approximately  five  breast  cancer  subtypes  have  been  categorized;  importantly,  these  subtypes  show 
major  differences  in  clinical  parameters.  Etiology  and  progression  likely  differ  in  subtypes;  significant 
variables  may  include  the  type  of  cell  from  which  the  cancer  originated  and  the  specific  genomic 
alterations  that  subverted  normal  processes  to  confer  malignancy.  However,  large  gaps  exist  in  our 
knowledge  of  target-cell  identity  or  molecular  events  responsible  for  any  breast  cancer  subtype. 
Understanding  the  molecular  alterations  that  lead  to  the  different  breast  cancer  types  could  facilitate 
design  of  clinical  interventions  in  the  carcinogenic  progression.  Our  laboratory  has  addressed  this 
issue  with  a  long-term  program  to  develop  an  experimentally  tractable  human  mammary  epithelial  cell 
(HMEC)  culture  system  for  investigating  multistep  breast  carcinogenesis.  Normal  finite  HMECs  have 
been  exposed  to  pathologically  relevant  oncogenic  agents,  generating  cells  at  different  stages  in 
transformation  with  properties  consistent  with  what  is  known  about  breast  cancer  progression  in  vivo. 
Thus  far,  however,  almost  all  in  vitro  transformed  HMEC  lines  represent  a  limited  subset  of  the 
phenotypes  observed  in  breast  cancer  cells  in  vivo.  We  hypothesized  that  this  limited  phenotype 
could  result  from  targeting  cells  in  culture  conditions  that  restrict  most  normal  HMEC  growth  and 
proposed  using  HMECs  grown  in  our  new  media  that  support  growth  of  cells  with  luminal, 
myoepithelial,  and  progenitor  lineage  markers.  We  also  hypothesized  that  unstressed  HMECs 
(without  p16INK4a  induction)  would  be  more  vulnerable  to  transformation  and  yield  a  greater  range  of 
transformed  phenotypes.  Our  transformation  protocols  were  based  on  our  model  of  the  tumor- 
suppressive  senescence  barriers  encountered  by  cultured  HMECs  (Garbe  et  al.,  Cancer  Res  2009 
Oct  1;69(19):7557-68).  To  bypass  stasis  (stress-induced  senescence  mediated  by  Rb/p16),  we 
exposed  normal  HMECs  to  shRNA  to  pi 6.  To  bypass  telomere  dysfunction  due  to  telomere  attrition, 
we  used  cMyc,  an  hTERT  transactivator.  Our  data  show  that  p16sh,  then  cMyc,  given  to  unstressed 
normal  HMECs,  produced  rapid  uniform  immortalization.  cMyc  did  not  immortalize  p16(-)  post-stasis 
HMECs  that  had  high  stress  exposure  prior  to  epigenetic  silencing  of  pi 6.  HMECs  that  had  become 
p16(-)  post-stasis  by  different  means  exhibited  additional  significant  differences  (i.e.,  epigenetic 
alterations  and  telomerase  activity).  Unstressed  pre-stasis  HMECs  also  were  uniformly  immortalized 
by  hTERT  and  showed  rare  clonal  immortalization  with  cMyc  alone.  Rare  clonal  immortalization  by 
p16sh  alone  occurred  during  the  period  of  genomic  instability  at  telomere  dysfunction.  Immortalized 
lines  showed  many  phenotypic  differences,  but  those  derived  from  young  women  exhibited  mainly 
basal  markers.  Our  recent  work  showing  age-associated  changes  in  lineage  markers  could  be 
relevant  to  the  observed  age-associated  increased  luminal  breast  cancer  incidence  and  to  generating 
luminal  lines.  Applying  our  p16sh/cMyc  protocol  to  an  older  woman’s  HMECs  produced  an  immortal 
line  with  luminal  properties.  Altogether,  we  have  shown  that  different  pathways  to  transformation  are 
associated  with  different  molecular  properties,  opening  the  possibility  of  individualized  therapy  for 
these  distinct  means  of  becoming  malignant.  Future  studies  will  evaluate  the  effects  of  specific 
oncogenic  exposures  on  different  normal  HMEC  types  from  young  and  older  women. 
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AN  INTEGRATED  HUMAN  MAMMARY  EPITHELIAL  CELL  (HMEC)  SYSTEM  FOR  THE  STUDY 
OF  NORMAL  HMEC  BIOLOGY  AND  CARCINOGENESIS 

Martha  Stampfer,  Mark  LaBarge,  and  James  Garbe 

Lawrence  Berkeley  National  Laboratory 

Our  long-term  program  has  developed  a  comprehensive,  experimentally  tractable  human  mammary 
epithelial  cell  (HMEC)  system  to  study  normal  HMEC  processes  and  how  these  processes  are  altered 
during  transformation.  HMEC  grown  in  different  culture  conditions  were  exposed  to  various  oncogenic 
agents  associated  with  breast  cancer  etiology,  generating  isogenic  cells  at  different  stages  of 
carcinogenesis.  The  molecular  alterations  observed  during  progression  in  our  in  vitro  model  are 
consistent  with  multistep  carcinogenesis  in  vivo.  This  work  has  led  to  our  molecularly  defined  model 
of  cultured  HMEC  senescence  barriers  (Garbe  et  al.,  Cancer  Res.  2009  Oct  1;  69(19):7557-68)  and 
to  studies  on  how  the  diverse  breast  cancer  subtypes  may  be  generated  by  molecularly  distinct 
transformation  pathways.  Normal  cell  growth  and  phenotype  is  strongly  influenced  by  culture 
conditions  and  specimen  age.  Our  recent  media  can  support  approximately  60  population  doublings 
and  growth  of  cells  with  luminal,  myoepithelial,  and  progenitor  lineage  markers.  Large-scale,  high- 
throughput  examination  of  normal  HMEC  biology  is  thus  possible.  Normal  HMEC  stop  growth  with 
high  levels  of  p16INK4a  at  stasis,  a  stress-associated  telomere,  length-independent  senescence 
barrier  mediated  by  the  retinoblastoma  pathway,  and  can  overcome  stasis  by  errors  that  inactivate 
this  pathway.  We  observe  significant  differences  in  post-stasis  HMEC  derived  by  different  oncogenic 
exposures,  as  well  as  between  post-stasis  and  normal  HMEC.  For  example,  p16(-)  post-stasis  post- 
selection  HMEC  (aka  vHMEC),  derived  by  pi  6  promoter  silencing  induced  by  growth  in  a  high-stress 
medium,  differ  from  p16(-)  post-stasis  HMEC  derived  following  exposure  to  a  chemical  carcinogen  or 
to  pi  6  shRNA.  Many  cancer-associated  epigenetic  alterations,  as  well  as  reduced  vulnerability  to 
cMyc  immortalization,  are  seen  in  the  post-selection  HMEC.  These  data  illustrate  how  breast  cancer 
progression  pathways  can  diverge  early  in  finite  life  span  HMEC.  Finite  HMEC  need  to  reactivate 
sufficient  telomerase  to  overcome  the  telomere  dysfunction  barrier  due  to  critically  short  telomeres. 
The  molecular  alterations  needed  for  HMEC  immortalization  have  not  been  identified;  cMyc  can 
produce  immortalization  under  some  conditions.  We  observe  large-scale  epigenetic  alterations  in  all 
immortalized  lines;  however,  the  specific  changes,  as  well  as  other  phenotypes  (e.g.,  lineage  markers 
and  malignant  properties),  may  vary.  Immortal  lines  with  endogenous  telomerase  reactivation  are  no 
longer  sensitive  to  oncogene-induced  senescence,  thus  nonmalignant  immortal  lines,  unlike  finite 
HMEC,  can  be  readily  transformed  to  malignancy  by  many  oncogenes.  We  hypothesize  that 
overcoming  stasis  correlates  with  early  clonal  expansion/atypical  hyperplasia  while  post-stasis  HMEC 
approaching  telomere  dysfunction  show  properties  similar  to  ductal  carcinoma  in  situ  (short 
telomeres,  genomic  instability).  Being  able  to  examine  the  progressive  changes  that  fuel  malignancy, 
starting  with  normal  cells,  provides  a  comprehensive  perspective  on  the  origins  and  consequences  of 
cancer-associated  aberrations.  Our  studies  suggest  that  the  most  crucial  step  in  progression  is 
obtaining  immortality.  This  integrated  culture  system  also  permits  investigation  of  factors  that  may 
propel  or  inhibit  molecularly  distinct  malignant  progression  pathways  (e.g.,  evaluation  of  potential 
therapeutics  at  different  points  of  early  stage  breast  cancer  development).  Use  of  these  HMEC 
cultures  is  facilitated  by  our  web  site  (hmec.lbl.gov). 
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